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INTRODUCTION^ 

Lead intoxication is not only tlie most common poisoning in in- 
dustry, but also IS derived from such diverse non-industrial sources 
as water supplies, cosmetics and drugs, and home-made beverages It 
is a preventable disease which may be considered from at least three 
points of view. In industry the necessity of preventive measures has 
long been realized and much has been written in regard to methods to 
reduce the lead hazard by improving conditions of work The legal 
aspect of the disease has been well summarized recently by Miss 
Hutton (222) and by Cantineau (65) and no further review is necessary 
here The biological problems involved m lead poisoning are of much 
scientific and practical interest This monograph deals with this 
aspect of tlie disease and discusses in some detail recent work which 
was undertaken to help explain the reactions produced by lead in 
the body 


> The funds for this work were gi\en to the Kan'ard jMedical School by the National 
Lead Institute We are indebted to Drs Albert Key and Hermann Blumgart, and also 
to Drs A V Bock, J W S Brady, E J Cohn, A Hinton, Chester Jones, and 
hlissesj Hendr> and A Hopkins for assistance m vanous portions of the expenracntal 
work, to Misses Charlotte Shan Alarj Mornson, Agnes Peltz, Helen Tracy, and Mre 
Manon Frankfurter for tedinical aid and to Miss Martha Taylor for mvaluable aid in 
prtpanng tins manuscript To Dr C K Drinker, m whose laboratory our work was 
done, to Dean Daxnd Edsall, and to Prof A B Lamb and Dr Ahce Hamilton, we ate 
grateful for \ aluable aid and counsel 
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No attempt has been made to cover fully the literature of the 
subject Three thousand references were collected and pubhshed 
by Else Blansdorf in 1922 (38) and our files contain more than 2200 
Only those references which bear directly upon the discussion are 
included here, although we have tried to summarize and mdude all 
the pertment literature in order to obtain a fair perspective of present 
knowledge 

The problems have been approached from their physiological and 
chemical aspects in order to obtain explanation, -wherever possible, of 
tlie mechanisms involved in tlie production of the various conditions 
assoaated with the disease The first portion of the monograph is 
tlierefore composed of a consideration of the chemical problems 
assoaated with lead in the organism It includes methods of analysis 
and a description of tlie reactions of lead m the body during absorp- 
tion, storage, and excretion A summary of the bterature of the 
gross and microscopic pathology follows and leads to a discussion of 
the various toxic manifestabons of plumbism in die light of the data 
bearing on the physiology of Uieir production Finally, the clmical 
picture is given and an outline of the methods of treatment At the 
end 15 a summary of the present mdustnal situation very kindly 
contributed by Dr Alice Hamilton 

I HISTORY 

Even in ancient times the disease which is now known as lead poison- 
ing was recognized As boUi Tanquerel des Planches (453) and 
Alderson (5) have very full} outlined Uie ancient history of lead 
poisomng, only a very bnef statement will be included here The 
many s}Tnptoms of plumbism were noted long before they were 
ascribed to tlie action of lead Gradually, however, physiaans came 
to appreciate tlie cause of these disturbances and tlie syndrome w'as 
designated "saturnism,” foe lead was “called satum by tlie alchemists 
because it absorbs and devours, so to speak, all other miperfcct metals 
m Us scorification” (117) For many years only clinical descriptions 
appeared in the literature, and it was not until the early part of die 
nineteenth centuiy that experimental in\ cstigation of the action of 
it id in the bod) was begun This has continued until the present 
day, and recently has been supplemented b) attempts to improve 
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industrial conditions Consequently the incidence of plumbism has 
been markedly reduced. 

Hippocrates (370 B C ) was probably the first of the ancients to 
recogmze lead as tlie cause of symptoms, at least he describes a severe 
attack of colic in a man who extracted metals The relationship of 
constipation, abdominal pam, and pallor to the action of lead on the 
body was also observed by Nicander in the second century B C This 
author also mentioned lead palsy for the first time. But probably not 
until the first centurj^ A D was the true significance of lead appre- 
ciated Dioscondes is quoted by Alderson as saying that “the drink- 
ing of litharge (red lead) causes oppression to the stomach, belly, and 
intestines, vnth intense wringing pains, sometimes it even wounds the 
intestines by its severe pressure, it suppresses the unne, while the 
body swells and acquires an unsightly leaden hue ” He also speaks 
of paralysis and delirium as consequences of ingestion of lead. Many 
years later, about 1000 A D , Avicenna recommended the use of 
\nolent purgatives in doses graded according to the seventy of the 
attack for a special form of colic which must have been caused by 
lead Crato who lived about 1600, definitely attributed the colic 
which was common in Moravia and was known to end in paralysis to 
the use of “falsified” wine; but it was not until 1656 that paralysis 
was definitely recognized as an eflfect of lead Stockhusen (444) then 
publislicd a remarkable treatise m which he recognized that lead 
poisomng followed absorption of lead dust He also tned to deter- 
mine which muscles of the arm are commonly paralyzed 

In 1616 Citois (81) a physician of Poibers, also mentioned bad 
wine which had been treated with lead as the cause of cohc, and de- 
scnbed the disease {Cohca Pzctojium) excellently although he attrib- 
uted the disturbance chiefly to the acid of the wme Tronchin 
(467) pointed out in 1757 the relationship between this t3q)e of colic 
and the disease common among lead workers In 1745 Huxham 
(223) descnbed a disease appearing m Devonshire, England, the symp- 
toms of which were identical with true lead colic This was later 
(1767) traced by Sir George Baker to the lead employed in the manu- 
facture and storage of cider In Spain a similar type of colic of 
similar etiology was descnbed in 1796 by Luzunaga (271). Shortly 
after this, in the beginning of the nineteenth century, several brilliant 
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clinical descriptions appeared Gnsolle (178) described colic, lead 
line, and parUcularly encephalopathy very accurately, and three 
yeare later the epoch-making book bj Tanquerel des Planches was 
pubhshed In this the clmical aspect of the disease is quite perfectly 
and completely outhned and most of the acute signs of lead poisoning 
are mentioned In spite of the fact that they laid emphasis on the 
lead hne, this sign has come to be known as the Burtoman hne because 
of a description published by Burton (59) in 1840 Since Tanquerel’s 
time httle has been added to our dmical knowledge of lead poisoning 
except by Dejerme-K-lumpke (92) who wrote an excellent treatise 
on the lead palsies Several good discussions of the early differential 
diagnosis of plumbism have appeared recently 
Expenmental study of the disease was apparently started in 1814 
bv Orfila (344) who admimstered lead mtravenously and by 
mouth He observed that its toxic action was greater after oral 
than after intravenous admuustration, and also that it was not a 
very poisonous metal Gnsolle and Tanquerel also did some experi- 
mental work, though their contnbutions in this Ime were not striking 
They studied the toxiaty, patlis of entrj' and distnbution of lead m 
the organism as well as the clmical picture of poisoning in animals 
Smee tlieir time many investigations have been earned out As tliese 
are reported in the chapters which follow, they need not be re-sum- 
mansed here, but it should be stated that they have dealt witli the 
modes of absorption and excretion of lead, and to a slight extent with 
an explanation of the mechanism of its action in the body Although 
some W'ork has been centered upon the problem of palsy, most interest 
has been given to the obvious changes caused by lead in the blood 
Betw'een 1865 and the beginning of the present century attention was 
focused upon tlie pathology of lead poisoning, but this produced very 
httle new fundamental knowledge More recently, modem methods 
of histological staming have enabled some shght adx'ance to bo made 
m studies of the pathology of encephalopathy, but, on the whole, the 
most significant addiUons to an understandmg of the disease have 
been derived from invcsUgaUons of the localization of lead in the 
tissues 

Another type of investigation which has proved of great value m 
lowering the incidence of lead poisoning has been a studj of pubhc 
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and industrial hygienic conditions This has resulted in the in- 
stallation of vanous protective measures which have greatly reduced 
the incidence of toxic mamfestations Probably the first public 
healtli work of this type was the elimmation of the cohc of Poitiers by 
preventing contamination of wine In 1860, Lefevre (251) pointed 
out that the dry cohc observed on ships and in the French colonies 
was caused by lead, and insisted that precautions be taken As a 
result the colic largely disappeared. Most of such work, however, 
has been done within the last twenty-five years, for the most part by 
Sir Thomas Ohver (337) and Legge and Goadby (252) in England, 
Meillere (293) in France, Teleky (455-459) m Germany, and Alice 
Hamilton (187-195) in America Throughout these countnes the 
passage of many regulations to safeguard workers and give them 
compensation for injuries has resulted Both Cantineau (65) and 
Hutton (222) have recently summanzed well the present legislative 
situation 

Requirement of prophylactic measures and modern knowledge of 
the action of lead have greatly reduced the inadence of industrial 
lead intoxication, particularly within the last ten years. With 
proper precautions it should be possible to control lead poisoning 
completely, and thus avoid the need of ehminatmg the use of lead 
in industry. 


Part I. Chemistry 

n THE DETECTION AND ESTIMATION OF LEAD IN ORGANIC MATERIAL 

The value of a satisfactory method for the detection of lead has 
been recognized for centunes, and vanous reactions have been sug- 
gested as the basis for suitable tests Because of the general use of 
metallic lead and later of htharge or lead acetate to improve poor 
wine by correcting the harsh aad taste, general interest in this subject 
was manifested early In Germany such disastrous results followed 
this adulteration of wine that decrees were issued in 1498 and 1577 
which invoked the death penalty for adding lead to -wine Since then 
the ever widening mterest in lead poisoning has resulted in many 
attempts to discover an easy and accurate method for the detection 
of lead. 
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One o£ the first of these was to add sulphuric acid to w me and to ascertam 
the presence of lead by the formation of lead sulphate— a white precipitate 
In 1707 ZoUer adiiocated the use of an extract of orpiment and lime water, 
which contained soluble sulphides and therefore denoted the presence of 
lead by the formation of a black precipitate Later, in 1784, Bergman 
(33a) mentioned marine (h>drochlonc) and vitriohc (sulphunc) acids and 
sal sodae (sodium carbonate) as precipitants for lead in the analysis of 
water, and stated that "a brown or black sediment indicates the presence 
of sulphur in a stale of solution,” if lead is added rourcio> and Hahne- 
mann at about the same time suggested that acidified water saturated with 
hydrogen sulphide gas might be a suitable reagent Thus, it is to lead 
that hydrogen sulphide gas owes its place m analytical chemistry Gradu- 
ally, as quantitative methods developed and chemical analysis became 
more exact, many other tests for lead were found A comprehensive review 
of these was pubhshed by RUdisule m 1914 (392a) 

Since m the examination of organic material only very small 
amounts of lead are involved, precautions, which are not necessary 
in dealing with larger quantities of lead, must be employed Defimte 
knowledge of the conditions under which a lead salt is precipitated 
IS a prime requisite, for the formation of plumbites in the presence of 
excess sodium or potassium hydroxide renders soluble a number of 
lead compounds which are insoluble m water alone Ammomum 
hydroxide preapitates lead hydroxide, but when present m excess 
does not dissolve the lead salt Lead sulphide is insoluble in neutral 
and alkaline solution and is only slightly soluble in dilute aad It is 
also relatively insoluble in hydrochloric acid, and the degree of acidity 
must be carefully adjusted vvhen small amounts of lead are involved, 
if the lead is to be repreapitated as sulphide, particularly in the 
presence of calcium chloride In alkaline solution most lead salts 
are converted to basic salts, some of which are of undetermined 
composition Table 1 is a list of the most insoluble of the lead salts 
Dunng line manipulations it must be remembered that filter paper 
adsorbs lead salts readily when they have a neutral or shghtly alkaline 
reaction Still another possible source of error is to be found in the 
fact that at very’ lugh temperatures lead salts may volatilize (lead 
chloride boils at 900°C ) and thus be lost from the substance analyzed, 
as for example, in aslung organic material prior to chemical examina- 
tion 
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In other ways, too, the presence of organic material in substances to 
be analyzed for small amounts of lead adds comphcabons, for many 
organic substances mask partially if not completely the ordinary 
reactions employed in tests for lead For example, lead precipitates 
readily from aqueous solution as the chromate, but when serum is 
present the addition of chromate produces no visible change Simi- ' 
larly, hydrogen sulphide produces a black precipitate in aqueous 
solutions of lead, while in serum containing the same quantity of lead 
it merely causes the appearance of a wine red color To avoid such 
errors, organic matter must be completely destroyed This is a 
delicate operation and if losses are to be prevented, mampulation 
must be extremely careful. With the proper technique, however, 
exceedingly small amounts of lead — 1 part in 10,000,000 in urine, for 
instance — ^may be accuratelj'’ detected As investigations of the 
toxicity of lead have progressed, methods of analysis of material con- 
taimng small amounts of lead have been refined until it has become 
evident that the methods which are exact for inorganic compounds are 
inaccurate when applied to organic substances 

The colorimetnc sulphide method, which Pelouze (355a) first introduced 
in 1842, for detecting minute quantities of lead has long been a favonte 
It IS based upon the fact that since lead sulphide is veiy insoluble, the degree 
of color in a solution of soluble sulphides should be an index of the amount 
of lead present As vanous mterfermg features have been discovered 
from tune to time this method has been changed, for its great sensitiveness 
has made it seem valuable It does not, however, give definite proof of the 
presence of lead because many other substances produce exactly the same 
coloration. It is mterestmg that even as early as 1814 Orfila (344) reported 
that urmes uncontaminated with lead often gave a positive test On this 
account, and also because both the size of particles and the concentration 
and type of salts and acids present affect the accuracy of the test markedly, 
other methods of analysis have supplanted it. In these, lead sulphide is 
still employed, but merefy as a means of separating lead from other sub- 
stances. 

Another method which has been wndely employed for the detection of 
lead makes use of electrolytic phenomena When an electnc current 
passes through a solution of lead salt in nitric acid, lead peroxide (PbOs) 
separates from solution at the anode This prowdes an excellent method 
of analysis for such relatively large quantities of lead as are present in ores 
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or alloys, but unless scrupulous care is employed m the analysis of biological 
matenal, tbe metbod may lead to inaccurate results. Meill^e (293) 
examined with this method the tissues and excreta of individuals poisoned 
by lead Because he was fully cognizant both of the diiEculties and errors 
involved and of the extent to which these might mfluence the results, Lis 
work admits of no criticism. 

Denis and Minot (94) have devised a more exact electrolytic method. 
In this, lead is first separated as the sulphide from a solution made alkalme 
with ammonium sulphide This lead precipitate is then washed with 
N/10 hydrochloric acid, the residue dissolved in nitric acid, and finally 
electrolyzed. The lead peroxide deposited at the anode (m this case a 
platinum dish) is next washed and treated with potassium iodide m aad 
solution Since iodine is quantitatively hberated imder these conditions, 
titration with sodium thiosulphate solution mdicates the quantity of lead 
present, hlinot (306) has veiy recently subjected this test to severe 
criticism Washing the precipitate of sulphide with hydrochloric acid 
causes measurable loss of lead. Manganese in the substances analyzed 
may render results ambiguous by migrating to the anode as manganese 
dioxide and setting free iodine from the potassium iodide solution m acid 
medium. For instance, in the feces of a painter suspected of having lead 
poisoning, the quantity of manganese deposited in this way corresponded 
to 1 37 mgm. of lead; while the filtrate containing the acid washings was 
found by the chromate method to contain 0 29 mgm of lead Thus, unless 
e.xtreme care is exercised at every stage in this test, conclusions may be 
very erroneous. Furthermore, the difficulties of manipulation necessitate 
great technical skill if minute quantities of lead are to be accurately meas- 
ured by this method. 

Detailed discussion of the various other methods of determining 
minute amounts of lead in organic material is needless After careful 
investigation the chromate method has proved to be the most reliable, 
for the processes involved purify the lead to some extent and final 
precipitation occurs under conditions which allow insoluble salts of 
no other metal to form 

The chromate method. Ashing Before analysis tissues and feces must 
be freed from water by baking This may be done very rapidly by heating 
the matenal in porcelain dishes (Coors) on a hot plate until it starts to char. 
It should then he transferred to an electnc or gas muffle furnace and ashed 
at dull red heat. Fecal matter usually ashes readily but the tissues form a 
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residue which must be repeatedly extracted before the entire char is con- 
sumed Usually most material requires re-ashing as a certain quantity of 
inorganic salts becomes fused and prevents complete oxidation After the 
first ashing the material should be cooled and extracted wth dilute hydro- 
chloric acid and hot uater It is essential that at this stage all the ash be 
dissolved, for frequently lead phosphate is present as an insoluble residue 
that might be mistaken for sihca If this residue is insoluble m hydrochloric 
aad It should be treated ivitb a mixture of hydrochlonc and tartaric acids 
(which dissolve lead phosphate), until the ash is quantitatively dissolved 
Prccipilatton as chromate The strongly acid solution should be neutral- 
ized with NaOH HCl should then be added until it is just acid to methyl 
orange The next step is to saturate the cold solution with hydrogen 
sulphide If sulphides precipitate to any great extent during this process 
they may be filtered at once, but if no precipitate appears the solution, 
saturated nith hydrogen sulphide, should be allowed to stand over night 
before filtration Immediately after filtration the precipitate should be 
washed, as lead sulphide oxidizes rapidly when in contact with au" Solu- 
tion of the washed precipitate in mtnc acid, boiling to expel hydrogen sul- 
phide, cooling, and finally neutralization with sodium hydroxide as indi- 
cated by phenolplitli'ilcm arc then necessary After rc-acidification with 
acetic acid, two or three drops of a saturated solution of potassium chromate 
should be added to the resulting solution If the solution is held against a 
dark background during this process a sbght turbidity may be observed 
around the drop of added cliromate in the presence of even very minute 
quantities of lead To hasten the reaction the solution should next be 
boiled for a few minutes If no turbidity is apparent, the solution should 
then stand over night before filtration to allow separation of the extremely 
small amounts of lead chromate which it may contain After filtering, all 
trace of soluble chromate should be washed from the filter paper, the 
chromate dissolved in a little ddute hydrochlonc acid, an excess of potas- 
sium iodide solution added at once, and the free iodine titrated with 0 OOS N 
sodium thiosulphate solution, a drop or two of starch hemg added near the 
end point as indicator 

Preparation and presenahan of standard thiosulphate soliihon If the 
standard dilute solution of sodium thiosulphate is to remain stable for any 
length of time it must be kept under special conditions and must be pre- 
pared with special care All distilled water should be freshly distilled 
and collected while still hot Glassware must be chemically clean before 
coming into contact witli the solution In the large (20 liter) bottle which 
has been found most satisfactory for storing Uie solution, about 25 grams 
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jodium thiosulphate should be thoroughly raised with 18 hters of dis- 
3d water. The bottle should then be connected with the apparatus 
.‘tched in figure 1 to prevent decomposition of the thiosulphate The 
0 bottles, D, D, contain thiosulphate solution of the same strength as the 



stock solution, and are arranged to allow expansion and contraction of the 
air in bottle E without forcing the wash hquid into the soda hme tube F 
The purpose of F is to remove carbon dioxide If the cock at A is closed 
except when the burette G is being filled, no air can work its way back into 
the bottle E With B connected to a suction pump the burette G is readily 
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filled b\ depressing key B (vhich fits over a piece of rubber tubing) and 
opening cock A With this arrangement the burette may be filled rapidly 
and air can reach tlie stock solution only through F In this nay a solution 
of sodium tliiosulphate (nith a factor of 0 00S58) has been kept for si\ 
months mth its factor unchanged If prepared nith ordmarv’ distilled 
nater, however, and kept nathout protection from CO, the solution changes 
markedlj within a few days Tlie titer of the thiosulphate solution should 
be detcrniined twentv-four hours after preparing, and once a week there- 
after in order to ascertain whether the solution is stable or undergoing 
decomposition One cubic centimeter of 0 005 normal sodium thiosulphate 
solution IS equivalent to 0 3451 nigm of metallic lead 

Sodium thiosulphate can be standardized conveniently against (ap- 
provimatelv') 0 005 N iodine which has been accurately standardized against 
0 01 N arsemous acid (405) The arsenic tri-o\ide used in preparing the 
arscnious acid should be purified bv Chapin’s method (75) because the 
arsenic tri ovide designated "C P " or “Analy’zcd” frequently' contains large 
amounts of antimony tri-o\ide 

Anahsisof in me In analyzing urine for lead, the procedure hereto- 
fore has been to ev aporatc to dryness, char and ash the residue Since 
urine residues are particularly difficult to ash because of the large 
quantity of inorganic salts present, repeated extraction and ashing is 
necessary if all the salts are to be dissoh cd This makes the process 
burdensome The following new method in which evaporation is 
avoided by precipitating lead directly from urine has therefore been 
devised (130) 

Ammonium hy'droxide is added to urine until it is strongly ammoniacal 
This mixture is allowed to stand from one to twenty -four hours In this 
reaction the earthy phosphates are precipitated and lead phosphate is 
earned down quantitatively bv cnlrammcnl The gelatinous mass of phos- 
phitcs settles into a compact mass from which the clear lead-free hquor 
may be decanted and the remainder rapidly filtered by suction on a BUchner 
funnel The filter paper containing the precipitate ashes rapidly in a few 
minutes and the quantity of lead may then be determined bv the chromate 
method outlined above 

The nucrochemicnl detection of lend Very frequently the 
amount of lead is so minute (a few one-hundredths of a milligram) that 
the possibility of quantitative estimation is questionable, and under 
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these conditions merel}'- the presence or absence of lead can be deter- 
mined A rapid qualitative test is therefore necessary Very minute 
amounts of lead may be separated and detected microchemically (127) 
as the hexa-mtrite of potassium, lead and copper — K 2 CuPb(N 02 )G~a 
salt which crystallizes in black cubes or appears as reddish plates when 
seen in thin sections (figs 2 and 3) 

In this test the necessary reagents are Sodium acetate 4 per cent, copper 
acetate 2 per cent, and acetic acid 10 per cent The capillar}^ pipette for 
measuring may be prepared by drawing out a piece of 4 mm glass tubing 



Fig 2 Fig 3 

Fig 2 Showing Large Regular Rectangular Plates or Cubes of Hlnanitrite 

Crystals X 85 

Fig 3 Showing Small Regular Rectangular Plates or Cubes or Hlvamtrite 

Cry'stals X 350 


to a capillarj% blowing a bulb at one end, and calibrating the stem roughly 
by marking two points to represent a volume of 5 cmm (about 1/10 of a 
normal drop) Filtering tubes may be made from glass capillary tubes with 
a tiny plug of absorbent cotton at one end In order to precipitate the 
lead, the ash from any material should be dissoh ed in hydrochlonc acid, 
neutralized and re-acidified with hydrochloric acid until just acid to methyl 
orange One cc of a saturated solution of ammonium sulphate and one 
drop of the 2 per cent copper acetate solution should then be added to the 
material in a centrifuge tube, placed in a beaker of ice and saturated mth 
hydrogen sulphide gas Tlie total volume of the solution should be about 
15 cc After precipitation, the sulphides should be separated by centnfu- 
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galization and washed at least three times bv decantation After each 
washing the water must be completely drained from the sulphide precipitate 
by a capillary tube The success of this test depends a great deal upon the 
thoroughness with which the soluble inorganic salts are removed by wash- 
ing, as they interfere very much with the test The next step is to dram 
the centrifuge tube containing the sulphides free from water, place it in a 
beaker of boiling water, and add two drops of nitric acid Some of the 
solution thus obtained may then be drawn up into a capillary tube from 
which a drop or so is placed on a microscope slide This should be evapo- 
rated to dryness Five to 10 emm of 4 per cent sodium acetate solution 
should then be added and the residue completely^ dissolved Occasionally 
when bismuth is present as a result of medication with bismuth salts, a 

' I '• . 
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whitish precipitate will form at this point If this occurs, the acid nitrate 
solution in the centrifuge tubes should be evaporated to dry ness and sev eral 
drops of distilled water added This precipitates the bismuth as bismuth 
ow nitrate which may be removed by dropping the glass capillary filtering 
tube into the mixture The clear solution rising through the cotton plug 
contains a small amount of bismuth hut not enough to interfere with the 
test for lead (fig 4) The material should next be gathered together into 
one droplet and again cv aporated to dryness on a slide If this is carefully 
done the residue consists of a glared rim about 4 mm in diameter m which 
the greater part of the salts arc concentrated The slide should next be 
chilled on ice and S emm of a solution of 10 per cent acetic acid and a small 
crystal of potassium nitrite added Hus acid and nitrite crvslal should be 
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these conditions merely the presence or absence of lead can be deter- 
mined A rapid qualitative test is therefore necessary Very minute 
amounts of lead may be separated and detected microchemically (127) 
as the hexa-mtrite of potassium, lead and copper — K 2 CuPb(N 02 )o-— a 
salt which crystallizes in black cubes or appears as reddish plates when 
seen in thin sections (figs 2 and 3) 

In this test the necessary reagents are Sodium acetate 4 per cent, copper 
acetate 2 per cent, and acetic acid 10 per cent. The capillary pipette for 
measuring may be prepared by drawing out a piece of 4 mm glass tubing 
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to a capillary, blowing a bulb at one end, and calibrating the stem roughly 
by marking two points to represent a \olume of 5 cmm (about 1/10 of a 
normal drop) Filtering tubes may be made from glass capiUar}^ tubes with 
a tiny plug of absorbent cotton at one end In order to precipitate the 
lead, the ash from any material should be dissolved m hj'drochlonc acid, 
neutralized and re-acidified with hydrochloric acid until just acid to methyl 
orange One cc of a saturated solution of ammonium sulphate and one 
drop of the 2 per cent copper acetate solution should then be added to the 
material in a centrifuge tube, placed in a beaker of ice and saturated Yvith 
hydrogen sulphide gas The total y olume of the solution should be about 
15 cc After precipitation, the sulphides should be separated by centrifu- 
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galization and washed at least three times bv decantation After each 
washing the water must he completely drained from the sulphide precipitate 
by 1 capillary tube The success of tins test depends a great deal upon the 
iWwighwess with, which the soluble morgamc salts are removed b\ wash- 
ing, as thej interfere ver^' much with the test Tlie ne\t step is to dram 
the centrifuge tube containing the sulphides free from water, place it in a 
beaker of boding water, and add two drops of nitric acid Some of the 
solution thus obtained maj then be drawn up into a capdhrv tube from 
which a drop or so is placed on a microscope slide This should be evapo- 
rated to dryness rnetolOcmm of 4 per cent sodium acetate solution 
should then he added and the residue completelv dissoh ed Occasionallj 
when bismuth is present as a result of medication with bismuth salts, a 
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whitish precipitate will form at tins point If this occurs, the acid nitrate 
solution in the centrifuge tubes should be eiaporatcd to drjness and several 
drops of distilled water added This precipitates the bismuth as bismuth 
0 T> nitrate which ma\ he rcmoicd by dropping the glass capillarj' filtering 
tube into the mixture The clear solution rising through the cotton plug 
conlims a small amount of bismuth but not enough to interfere wath the 
test for lead (fig 4) Ihc material should next be gathered together into 
one droplet and again cv aporated to drj-ness on a slide If this is carefully 
done the residue consists of a glazed rim about 4 mm m diameter m which 
the greater part of the salts arc concentrated The slide should next be 
chilled on ice and 5 emm of a solution of 10 per cent acetic acid and a small 
cij stal of potassium nitrite added Tins acid and nitrite crx stal should he 
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these conditions merely the presence or absence of lead can be deter- 
mined A rapid qualitative test is therefore necessarj’’ Ver}' minute 
amounts of lead may be separated and detected microchemically (127) 
as the hexa-nitrite of potassium, lead and copper— K 2 CuPb(N 02 ) 6 ~a 
salt which crystallizes in black cubes or appears as reddish plates when 
seen in thin sections (figs 2 and 3) 


In this test the necessar 3 ' reagents are Sodium acetate 4 per cent, copper 
acetate 2 per cent, and acetic acid 10 per cent The capillar>' pipette for 
measuring may be prepared by draivmg out a piece of 4 mm glass tubing 
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to a capillary, blowung a bulb at one end, and calibrating the stem roughly 
by marking two points to represent a volume of 5 cmm (about 1/10 of a 
normal drop) Filtering tubes may be made from glass capillary tubes with 
a tiny plug of absorbent cotton at one end In order to precipitate the 
lead, the ash from any material should be dissolved m hydrochlonc acid, 
neutralized and re-acidified with hydrochlonc acid until just acid to methyl 
orange One cc of a saturated solution of ammonium sulphate and one 
drop of the 2 per cent copper acetate solution should then be added to the 
material in a centrifuge tube, placed m a beaker of ice and saturated w ith 
hydrogen sulphide gas The total volume of the solution should be about 
15 cc After precipitation, the sulphides should be separated hy centnfu- 
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galization and washed at least three times bv decantation After each 
washing the w ater must be conipletel> drained from the sulphide precipitate 
by a capillary tube Tlie success of this test depends a great deal upon the 
thoroughness with which the soluble inorganic salts are rcmoied bv wash- 
ing, as thej interfere verj much with the test The next step is to dram 
the centrifuge tube containing the sulphides free from water, place it m a 
beaker of boiling water, and add two drops of nitric acid Some of the 
solution thus obtained maj then be drawn up into a capilkarj tube from 
which a drop or so is placed on a microscope slide This should be evapo- 
rated to dnness Five to 10 emm of 4 per cent sodium acetate solution 
should then be added and the residue completely dissolved Occasionally 
when bismuth is present as a result of medication with bismuth salts, a 
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whitish precipitate will form at this point If this occurs, the acid nitrate 
solution m the centrifuge tubes should be c\ aporated to dryness and sei era! 
drops of distilled water added This precipitates the bismuth as bismuth 
oxy nitrate which may bo removed hj dropping the glass capdlarv filtering 
tube into the mixture The cic ir solution nsing through the cotton plug 
contains a small amount of bismuth but not enough to interfere with the 
test for lead (fig 4) The material should next he gathered together into 
one droplet and again c\ aporated to dry ness on a slide If this is carefully 
done the residue consists of a glazed rim about 4 mm in diameter in which 
the greater part of the salts are concentrated The slide should next be 
chilled on ice and 5 emm of a solution of 10 per cent acetic acid and a small 
cry'stal of potassium nitrite added This acid and mtntc cry slal should he 
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centrally placed on the dr}’- residue and allowed to diffuse to the outer edge 
Such slow diffusion permits the hexa-mtrite crystals to form at various 
places under optunum conditions of concentration As the reagents, 
particularly potassium nitrite, often contain noteworth}’- amounts of lead. 
It IS important to estabhsh their purity either h}’- re-ctystallization or by the 
elmunation of lead as sulphide wherever possible 

Summary. Of the various methods of determining minute amounts 
of lead in biological matenal, the cliromate has been found to be the 
most accurate and satisfactory'^ For the mere detection of lead, a 
modified microchemical method has been developed. The analysis of 
unne for lead is greatlj'- facilitated by a preluninary entrainment 
precipitation of lead phosphate with phosphates of the alkaline 
earths 


III PHYSICO-CHEMICAL BEHAVIOR OF LEAD COMPOUNDS 

^^Tiile lead is both tetra-valent and di-valent, probably only the 
di-valent compounds are of physiological interest, with the one 
exception of lead tetra-etltyl w'bich has attamed some commercial 
importance The transformations of lead salts vuthm the body are 
‘probabl}’- few and consist largely in the conversion of insoluble salts 
into a soluble form and in the reconversion of absorbed lead mto an 
insoluble salt for storage Certain factors, such as degree of acidity 
and length of time of contact with the body fluids, govern the amount 
of lead that may enter the system after the ingestion of insoluble lead 
salts Thus lead oxide can enter the system more readily than lead 
sulphate or lead s jlphide because of its greater solubility in the diges- 
tive juices 

The lead compounds which most commonly enter the gastro- 
intestinal tract are the oxides, the sulplude, carbonate, and chromate 

Carlson and Woelfel (69), who determined the solubility of some of these 
compounds in gastric juice found that lead carbonate is slightly more than 
tw ice as soluble as lead sulphate In their experimental v ork wnth annuals 
lead carbonate proved much more toxic than lead sulphate, but both salts 
eventually caused acute symptoms of lead poisoning when administered m 
doses of 0 1 gram per kilo of bodj' weight per day Lead sulphide, both 
natural and synthetic, although less soluble than either of these salts, is, 
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nevertheless, absorbed in suffiaent quantities to be dangerous la a given 
amount of gastnc juice the solubihtv of the carbonate is 46 per cent, that 
of the sulphate 9 5 per cent, and that of the natural sulphide per cent 
ILead duomate, the pigment commercially Joiown as chrome >elJov, 
Pans jellov, or Leipzig ycUo’c, which is empfo>ed for calico printing or 
djeing, IS generally considered one of the most toxic of the lead salts 
It dissolves readilv’ in dilute hydrochloric aad and conseouentlj in the 
gastnc juice Beck and StegmOIler f29) have observed tliat wbile m dilute 
acid the solubihty of this salt is almost proportional to the hvdrogen ion 
concentration, m concentrated solution the quantity dissob ed is propor- 
tional to the square of the hydrogen ion concentration This is because 
in the latter case didiromate ions arc formed 

Pb++ + CrO,- + m* + 2CI- ^ Vo*^ -A 2CI- -rU'-r HCrOr (1) 
2nCrO,- =i Cr,Or + H,0 (2) 

The second of these reactions so shifts the equihbnum that more and more 
lead IS dissolved The following equihbnum constants make this even 
more apparent bj numencally indicatmg the mtcrrclationship of the van- 
ous tjqies of reaction and the direction in which the changes will occur 


(1) 

(nci0< ) 

(3) 

(H") (Cf 0,-) 

(HCrO-) -coxier- 

(2) 


H) 

(HCrOr)»^3^ 

(Cr,Or) 

(CrO-) 


Auerbach and Pick (22) further found that in the presence of excess sodium 
hjdrogen carbonate, even the vciy insoluble salt, lead chromate, is con- 
verted into the carbonate, as illustrated m the following equation 

PtCrO, + 2VaHCO, PbCO, -r Xa,CiO, a- 11,0 — CO, 

In order to determine what po=s,bIe solvent action pancreatic juice 
might have upon tliese compounds, tlic action of sodium carbonate 
and sodium hvdrogen carbonate upon the carbonate and sulphate of 
lead has been carefully studied bj Auerbach and Pick f21) 

IVTien the total sodium concentration is below 0 077 % tie reaction v-ilh 
sodium carbonate is 

3PbCO, + ie,CO, j- 2H 0 2PbCO; Pb (OH). - 2NaHCO, 
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Above tbis point, however, the double salt, basic sodium lead carbonate 
(NaPb 2 (C 03 ) 20 H), is formed. Lead sulphate reacts vnth sodium hydrogen 
carbonate according to the equation 

PbSO« + 2NaHCO, PbCOs + NajSOt + COi + H^O 

The reaction is reversible and therefore depends upon the CO 2 concentra- 
tion It is possible that the reaction with sodium hydrogen carbonate may 
occur to some extent in the lungs where the particles are bathed m a medium 
containmg small amoxmts of this salt, and thus account for the fact that lead 
chromate, although very insoluble, enters the circulation readily from the 
respiratory tract It is evident therefore that very insoluble lead salts may 
be slowly converted into lead carbonate when in contact with pancreatic 

TABLE 2 

T/te soluiihty of various lead compounds tn Hood serum 


NUiTBER 

St^JSXA^CE 

sotxjBiLrrY IS serum 
at25*C 

soLOTn-mr in HjO 



grams per Uler 

grams per liter 

1 

PbCOj 

! 0 0333 

0 0017 (1) 

2 

PbSO* 

1 0 0437 

0 044 (2) 

3 

PbCrO< 


0 00001 (3) 

4 

PbO 

' 1 1520 

0 0171 =0° (1) 

5 

Pb 

1 0 578 



(1) Pleissner, M Chem Centr -B1 , 1907, u, 1056 

(2) BoUger, W • Ztschr f phys Chem , 1903, -dvi, 604 

(3) (von) Hevesy, C Ztschr f anorg CSiem , 1913, Ixxxu, 328 


]uice or with such other body flmds as blood plasma While lead carbonate 
Itself is' somewhat insoluble, it is far more soluble than many lead com- 
pounds from which it can thus be formed, and the chances of its entering 
the cuculation are therefore relatively great 

While the entrance of lead or its compounds into the gastro-intes- 
tinai tract is an important factor in the etiology of plumbism, absorp- 
tion from the lungs produces lead poisoning much more directly (see 
section V) In industry, workmen are commonly exposed to the 
dust of white lead, of lead oxides, or of sandpapered paint Fine 
particles of these various compounds are inhaled and very soon after 
becoming lodged in the alveoh may produce seyere lead poisomng. 
Phagocytosis (137) and direct absorption of dissolved lead compounds, 
as well as gradual diffusion from slowly dissolving particles m contact 
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ma-dmum and then decreases. If the two substances react, as is generally- 
stated, according to the equation, 

(a) PbCh + Na.HPO^ ?=± PbHPO^ + 2NaCl 

the solution should remain neutral, whereas if tri-lead phosphate is formed, 

(b) 3PbCl= + 2 NajHP 04 PbjlPO^). + 4NaCl -|- 2HC1 
It should become acid 

In figure 5 it may be seen that the solution becomes more acid with 
each successive addition of di-sodium phosphate until there is present nearly 



Fig 5 


the amount of phosphate theoretically necessary to precipitate the lead as 
tri-lead phosphate Although under these conditions the amount of sodium 
phosphate is only 66 per cent of that reqmred to precipitate the lead as di- 
lead phosphate, the filtrate is lead-free From this point on, the acidity 
decreases because of the excess sodium phosphate Thus it is evident that 
under synthelic conditions or m shghtly alkahne solution the tn-lead is 
formed, while under eqinhhrium conditions di-lead phosphate is formed 
The transformation of di-lead phosphate into the tn-lead salt takes 
place m the following manner. 

SFbHrO, Pbj(P04): -b H3PO4 

when the salt is suspended in boiling water A constant increase in the 
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acidity of tlie solution, as well as the change in microscopic appearance of 
the salt, IS cvudencc of this reaction. Tins change is very slow and requires 
several hours even under the most favorable conditions 

The phase diagram m figure 6 shows the range of etistence of lead phos- 
phates over a wide range of aadity In the area ACE solution is complete 
and no solid phase is present Experiments 1 to 10 inclusive are plotted 
along the straight hne AC The hnes connecting these two points with 
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those representuig the composition of the solid residues, converge at B 
which represents the compound, di-Icad phosphate As these experiments 
include a wide range of concentrauon, this point is quite satisfactorily 
established Tlie area ABC therefore represents a mixture of the sohd 
phase with various solutions At C there is a maximum amount of lead 
in the solution phase This point, the intersection of the two branches 
AC and CE, falls where a constant solution would exist in contact with the 
two phases di-lead hydrogen phosphate and mono lead tetra-hvdrogen 
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phosphate The branch CE (experiments 11 to 14) illustratmg the solid 
phase PbH4(P04)2 m contact with varjdng solutions, and the Imes repre- 
senting the compositions of the solution phase PbH4(P04)2 in contact with 
varying solutions, and the Imes representing the compositions of the solu- 
tion phase and solid phase very nearly comcide with pomt D, representmg 
the theoretical composition of PbH4(P04)2 when they are projected 

Thus the phase diagram indicates quite clearly the stability of the 
di- and mono-lead phospjiates at vanous acid concentrations and 
furnishes means of predicting the result of bringing various mixtures to 
equihbrium. Any mixture represented by points within the area 
ACE for example must yield a solution with no sohd phase The 
composition of any compound formed by the empirical mixture of 
substances falling within the limits of the area ABC may be similarly 
foretold The short branch CE illustrates the solubihty of mono- 
lead tetra-hydrogen phosphate in phosphoric acid at 25 °C. and shows 
that this rapidly decreases as the concentration of add increases 

Smce tri-lead ortho-phosphate cannot exist at equilibrium in even 
slightly aad media, the behavior of lead within the body is the more 
easily explained While lead phosphate under the normal conditions 
of alkalinity remains mert and harmless, any local production of acid 
must transform the tri-lead salt to di-lead phosphate Smce the 
solubility of the latter salt is 12 9 mgm per liter and that of the tri- 
lead is only 0 13 mgm per liter, the solubility of lead is thus increased 
an hundred-fold 

This shows, therefore, that the two lead phosphates of physiological 
interest are tn-lead and di-lead hydrogen phosphate The trans- 
formation of one into the other is governed by conditions within the 
body and may have an important bearing upon the health of the 
indi\'idual. Indeed, this may account for the fact that lead may be 
stored in the body for years without causing any ill effects until some 
such influence as deficient diet or acute infection alters the reaction 
of the tissues and mcreases the amount of lead in circulation 

Summary. It is apparent from the foregoing discussion that the 
products of the reaction between secondary sodium phosphate and a 
lead salt are tertiary lead phosphate and add This lead salt is very 
stable at the normal hydrogen ion concentration of the body, but is 
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sensitive to slight changes in aadity and passes into the more soluble 
di'lead salt readily The marked solubility of lead and lead ovide m 
such body fluids as blood plasma may account for the high madence 
of lead poisonmg among workers exposed to lead fume and lead oxide 
dust Both gastnc and pancreatic juice may transform insoluble 
lead salts into more soluble forms and may therefore cause an increased 
absorption of lead compounds 

IV THE TRANSPORTATION AND DEPOSITION OP DEAD IN THE BODY 

Transportation of lead in the body Definite investigation of the 
form m which lead is transported m the blood stream is very diffi- 
cult because dunng plumbism the amount present in the blood at 
any given time is so minute that isolation and identification are 
almost impossible Certain considerations, however, suggest that 
whatever lead is present exists as the phosphate, — ^probably in col- 
loidal form, rather than as the albuminate as Sir Thomas Oliver 
suggests (337) The chief of these is the fact that in plasma the 
proportion of lead to inorganic phosphate is very small B ecause lead 
phosphate is extremely msoluble, any lead should therefore com- 
bine nith the phosphate Experiments (page 34) also mdicate that 
lead IS stored in the bodj as phosphate, while electrometac measure- 
ments (wdc infra) in which lead salts were added to serum indicate 
that the lead is in combination with the inorgamc phosphate group 

Although the phosphate is thus formed it does not precipitate 
from the blood serum when present in small amounts, but remains 
suspended as peptized or highly dispersed colloidal lead phosphate 
Otlier lead salts behav'e in the same way when they are formed in 
serum Lead chromate, for instance, apparently remains m solu- 
tion The fact that lead can be transported in the blood stream as 
an msoluble salt is therefore not surpnsmg tATien a clear solution 
of highly dispersed lead phosphate in serum is treated with hj drogen 
sulphide, part of the phosphate is changed to colloidal lead sulphide 
and altliougU the solution remains perfectly transparent its color 
changes to a deep red This shows that the sulphide is formed in a 
highlj dispersed condiUon Similar pepuzing effects can be shown 
With substances other than scrum Thus, in the presence of cane 
sugar lead pho'-phate may be so highly dispersed Uiat tlie solution is 
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as transparent as distilled water If hydrogen sulphide gas is passed 
through such a preparation the change in color is similar to that al- 
ready mentioned, here again there is no precipitation, for the lead 
sulphide remains highly dispersed and apparently in true solution. 
These facts lead one to believe (a) that lead could hardly be present 
in the blood stream except as lead phosphate, and (3) that it is car- 
ried in colloidal form (see also page 29). 

Tests carried out with very refined techmque have shown that 
only minute quantities of lead are present in the blood at any given 
time For instance, the blood of animals which have been fed with 
lead salts usually contains only a few thousandths of a milligram of 
lead as long as the animals are in apparent good health WTien 
such complications as acidosis develop and the animal becomes 
sickly, the quantity of lead in circulation increases slightly. In a 
case of fatal lead encephalopathy in man there were in the blood 
2 8 mgm of lead per liter — an amount which corresponds to 3 64 
mgm of tertiary lead phosphate. Smce only 0 13 mgm of this 
lead salt dissolves in a liter of pure water (246) the blood m this 
case contamed about thirty times as much lead as could be dissolved 
in a corresponding volume of water. This is further evidence that 
m VIVO lead is transported as colloidal lead phosphate 

That the greater part of the lead in the blood is held by the plasma 
and that but little is carried in the ceils has been ascertained by 
e.xperimentation In a rabbit with lead poisomng the lead in the 
blood amounted to 0 75 mgm of which 0.59 mgm was in the plasma 
and 0 16 mgm in the red cells Thus, practically 80 per cent of the 
lead was earned by the plasma 

WTien a soluble salt of lead is added to blood serum, a precipitate, 
probably lead albuminate, an organic salt, forms at first and then 
dissolves This is not particularly insoluble m water and is quite 
sensitive to changes in aadit}*. The maximum precipitation occurs 
at pH 5 8 which is probably the iso-electric point, for above or below 
this the salt re-dissolves The preapitate is white and separates 
easily from solution WTien dissolved m a few drops of dilute h3''dro- 
chloric acid and treated with hydrogen sulphide gas, no change in 
color occurs until after a short time lead sulphide preapitates rapidlj'. 

Since some authors have assumed that lead is carried in the blood 
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as aa albuminate, the effect of the scrum protems upon the elec- 
tncal behavior of dissolved lead salts is of interest Measurements 
of the lead ion concentration should demonstrate whether the lead 
salt in solution is complev and rvhether the lead is m the amon If 
sodium hydroxide is added to a solution of lead salt tlie lead hydrox- 
ide which at first prCapitates is redissolved because of the formation 
of the complex sodium plumbite 

The successive steps are indicated in the following equations 

a) Pb^ + 2011- vi PbfOH), 

solid 

b) Pb(OH), + KaOH ?si NaHPbO, H 0 

c) NaHPbOj ^a+ + UPbO." 

Wlien an excess of sodium hydroxide is used, the positively charged lead 
ions (Pb++) are wholly used up — the lead appears in the negatively charged 
group HPb07 Since in reaction (b) when there is excess of sodium hydrox- 
ide present, equilibrium lies in the direction of the formation of sodium 
phunbitc, the lead ion (Pb++) concentration must be enormously reduced 
Electrometric measurements of the degree of this reduction may be made 
by determining the electromotive force of the concentration cell, 

Pb I 0 1 u KCl saturated with PbCI | NJLNOi saturated | 

0 01 u KCl saturated with PbCl | Pb 

nhich is markedly increased by the addition of sodium hydroxide to one of 
the half elements of Uie electrical cell 

Without discussing the several factors that must be taken mto 
account m making measurements of this character, the method of 
determination may be briefly desenbed as follows 

Two beakers, onecontaimng dilute, tlicothcr strong lead chloride solution, 
are connected by means of an inverted U tube filled with conducting salt 
solution If a rod of pure lead is inserted m each, a so-called concentration 
cell IS formed which will "run down,” when the cell is short-circuited h> 
connecting the two electrodes Dunng this process lead passes into solu- 
tion in thebeaker containing dilutelcad chloride, acquires a positive charge, 
and the lead ion concentration inacases In the more concentrated solu- 
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tion lead ions give up their positive charge and there is a tendenq^ for lead 
to plate out on the electrode By means of a sensitive galvanometer intro- 
duced into the circuit, it is possible to demonstrate that the magmtude of 
the electromotive force depends upon the difference between the lead ion 
concentration in the two half cells or elements. As the lead ion concen- 
tration decreases in one of the beakers while that m the other remains 
constant, the electromotive force increases Therefore, if the lead ion 
concentration (C) in one solution is known and the electromotive force of 
the cell IS determined, the lead ion concentration {€') of the other solution 

c 

may be computed from the Nemst equation e mf. — 0 058 In 

c 



Fig 6B 


A typical experiment with serum was performed as follows* 

Lead chloride in amounts contauung from 1 to 10 mgm. of metalhc lead 
was added to 0 1 M KCI solution contauung 2 cc of rabbit serum. These 
mixtures m volumetnc flasks were then diluted with 01 m KCl to exactly 
SO cc. With the various solutions thus prepared, amalgam cells were set 
up so that measurements of the electromotive force could be made at inter- 
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vals until equilibrjum uas apparently established Sunilar dilutions of 
lead cHonde alone m 0 1 w KCl were prepared for another series of amalgam 
cells to provide data on the extent of electrical dissociation of lead cWoride 
Amalgam cells containing 0 1 M KCl saturated wath PbCh were used as 
reference cells A^Tien compared with a standard calomel cell the values 
checked favorably vntb those obtained by Lewis (263) 

The expenmental results are collected in table 4 From these 
figures it may be seen that the first decrease in lead ion concentra- 
tion becomes less marked as the ratio of lead to serum increases 
This IS merely because at first some of tlie lead is thrown out of 
solution as a protein preapitate With comparativ'ely large amounts 
of lead (above 5 X 10< mols), the precipitate re-dissohes and the 

TABLE 4 


Ejfect of small amounts of lead cldonde on serum prolans 


TOTAt UUP PttESEVT 

X 10‘MOIS 

UFAScraKD i.ruo 
lOS COVCE.VTRATIOV 

TtTEOEETICAt LEAD 
JO'fCOI.CESmTlO'l 

X 10> ilOlS 

DHTEKEMOC X JO* UOUS 

1 

0 OS 

0 95 

0 90 

2 

0 60 

1 SO 

0 90 

3 

1 90 

2 25 

0 35 

4 

2 44 

2 60 

0 16 

s 

2 so 

2 SO 

0 00 

6 

3 08 

5 09 

0 01 

7 

3 20 

3 20 

0 00 

8 

3 53 

3 S3 

0 00 

9 

3 70 

3 75 

0 05 

10 

3 90 

4 00 

0 10 


lead IS lonired normally If the scrum protems and lead had com- 
bined to form a complex salt in which lead was present m the anion, 
the Pb"*^ ion concentration would have markedly decreased There- 
fore we can state that tliere is no evidence that lead is carried in 
the blood stream as a complex salt in which the lead is in the anion 
TOien a small quantity of lead is titrated with a large quantity 
of serum, the results arc different The small iniUal preapitate 
dissolves at once in the excess serum, but the lead ion concentration 
decreases slowly This is shown m table 4 and in figure 6B m which 
the increments of serum are plotted against the values for electro- 
motive force which are inversely proportional to the lead ion con- 
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centration. The curve is somewhat S-shaped with its steepest in- 
clmation at the point where about 15 cc of serum was added This 
corresponds approximately to the pomt at which all the lead would 
be combined with the inorgamc phosphates of the serum These 
facts justify the conclusion that the reduction in the lead ion con- 
centration is not due to combination of lead vdth the proteins of 
the blood but to its combination with certain of the mineral con- 
stituents of serum (probably the phosphate ions because the carbon- 
ate is more soluble) when a large excess of serum is present No 
precipitate is visible because the lead phosphate is highly dispersed 
by the peptizing action of the serum proteins. All these facts, 
therefore, point to the conclusion that lead is transported m the 
blood stream as highl}’- dispersed or colloidal lead phosphate 

The deposition of lead salts. An understanding of the conditions 
and reactions underlying the calcium exchange m bone is quite 
essential in a study of the deposition of lead salts in the skeleton 
The early experiments of Kbnig (240) and the later work of Lehnerdt 
(25S) and of Stoitzner (446) on the substitution of strontium for 
calcium demonstrate quite clearly that the calcium in bone tissue 
ma}*- be replaced by other elements with somewhat similar reactions 
Until the properties of some of its compounds are known, however, 
lead would hardly be considered one of these, and the remarkable 
deposition of lead in bone tissue (see section VI) would scarcely be 
anticipated Lead resembles calcium m that it forms both an in- 
soluble carbonate and an insoluble phosphate This lead phosphate 
is one of the few insoluble phosphates v'hich does not react with 
most chemical reagents Neither the mechanism of the deposition 
of lead in bone nor the process by which calcium is deposited are 
full}* understood Although certain conditions are known to retard 
the deposition of calcium while others increase it, the actual process 
by which calcium is laid down still remains obscure Of the several 
theories advanced to account for calcium deposition, none is com- 
pletely satisfactory 

Wells (488) has discussed some of the earher theories, among them the 
conception that calcium fixation or deposition is the result of chemical 
reaction, and the h}'pothesis that calcium is first deposited as a soap which 
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later becomes transformed into the corresponding salts by contact ivith the 
carbonates and phosphates of the blood Experimental work has neither 
confirmed this idea of soap formation nor demonstrated that cartilage is 
transformed into normal bone by passmg through an intermediate soap 
stage, and Wells, after a careful study of this problem, has concluded that 
calcification is a process of adsorption of calcium by hyaline tissue which has 
a more or less specific affinity for calaum Other hypotheses have been 
advanced more recentl> Mellanby (295) has concluded from his study of 
rickets m children that the deposition of calcium m the bones is initiated 
by some accessory food factor His experiments on puppies demonstrate 
that although nckets may be produced while they are very young, beyond 
a certain age the disease seldom develops, apparently because of a process 
of self-cure The same seems to hold true for children Beyond a certam 
age (two y ears) the dev elopment of active rickets is rare, probably because 
of the development of some essential process or secretion Robison (389) 
has found tliat an enzyme in the ossifymg cartilage of young rats and 
rabbits rapidly hydrolyses the hexosc-mono-phosphonc acid ester present 
in small amounts in the plasma and in relatively large amounts m the cor- 
puscles of the blood, and tlius sets free phosphonc acid 

Tlic theory that increasing the phosphate ion concentration (HPO<”) 
of the bones in this way would result in a local precipitation of 
calcium phosphate, IS ingemous but does not explain the snnultaneous 
deposition of calaum carbonate which is known to form 10 to 15 
per cent of the inorganic constituents of normal bone This bnef 
renew of the various theones shows how inexact is our knowledge 
of the mechanism of the deposition of calcium 

Perhaps the most stimulating hypothesis thus far suggested is that 
of Wells, 1 e , that the deposition of calaum is to be attributed to 
an initial adsorption of calcium by the hyalme cartilage In 1904 
Pfaundler (358), by means of discs of gclatm, made a systematic 
study of tlie physical process of absorption of various crystaloids, 
and concluded that gelatin has a specific ionic affimty for calaum 
Preudenberg and Gyorgy (148) have recently' conducted an extensive 
mvestigabon based to some extent on this earlier work They found 
that carUlage immersed in calaum chloride soluuon absorbed cal- 
auni in amounts which were regulated by the hydrogen ion con- 
centration The more aad tlie soluUon the less oilcium was ab- 
sorbed They also found that cartilage remov ed magnesium, banum, 
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and strontium from solution in the same way. It is, however, ap- 
parent from their results that even when the time of contact was 
greatly prolonged absorption w^as not complete Such calcification 
as this by chemical or physical combination of calaum and tissue 
protein is not, of course, calcification in the histological sense, for 
there is no such structural differentiation as appears in true calcified 
tissue When metals like lead are fixed by cartilage, the}^ penetrate 
in an even mass to various depths depending upon concentration, 
time of contact, etc After this treatment cartilage presents a pic- 
ture so entirely different from that of normal calcified tissue that the 
dissimilarity between the two is at once evident 
Histological examination of bone shows that calcium salts exist 
as such between the cells and not chemically bound to the protein. 
That the calcium is deposited in the intracellular spaces of the bone 
tissue as a secretion of the osteoblasts has been generally assumed by 
histologists (82). Quite recently Rabl (372) has been able to difter- 
entiate between calcium carbonate and calcium phosphate on the 
one hand and soluble calcium salts in calcifying tissues on the other 
For this purpose he used ammonium oxalate because it reacts only 
with the dissolved calcium salts and not with the carbonate or phos- 
phate By this method the presence of dissolved calcium salts not 
only in the ground substance but also m the cells of growmg bone 
tissue may be demonstrated, but without giving any clue as to the 
mechanisms of the absorption and deposition of calcium in the intra- 
cellular spaces, or the process by which calcium phosphate and car- 
bonate are formed In bone formation 85 to 90 per cent of calcium 
phosphate as compared ivith 15 to 10 per cent of calcium carbonate 
is deposited. This ratio is invariable and must depend upon rather 
accurately defined equihbrium conditions These in turn are evi- 
dently regulated by the inorgamc constituents of the blood plasma 
The occurrence of a pathological increase of calcification in certain 
areas having an impoverished blood supply has been mentioned 
frequently (331), and this phenomenon may have an important bear- 
ing on the e.xplanation of the vanous processes involved 

On the other hand, Tanaka has shown (452) that calcium phos- 
phate injected in areas where the blood supply is relatively rich is 
absorbed vdtli great rapidity, and (452) that if sohd tri-calcium 
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phosphate is shaken for twelve days at body temperature jn a solu- 
tion containing the morgamc salts of the blood plasma (0 9 per cent 
NaCl, 0 1 per cent NajCOi, and 0 1 per cent NaHCOj) the calaum 
is hound— 85 19 per cent as CajCPOj). and 12 76 per cent as CaCOj 
This experiment m vilro is not conclusive because the solution was 
renewed daily and if continued sufficiently long all the calaum 
phosphate would be converted to calcium carbonate In other 
words, there was no equilibrium established in a cheitucal sense 
These experiments illustrate how difficult it often is to dupheate 
experimentally conditions or changes w’hich occur within the 
body 

\^ile lead resembles calcium in many respects — a fact which 
accounts for its deposition in bone tissue — there are several important 
differences between the two, particularly with regard to the solu- 
bility of certain salts Lead phosphate is much more msoluble than 
lead carbonate, for mstance, while calcium phosphate is more soluble 
tlian calaum carbonate Therefore the mechanism which tends to 
precipitate the bulk of calaum in bone as calcium phosphite — the 
more soluble salt — w'ould preapitate lead most readily ’ as lead 
phosphate— a very insoluble salt Agam, calaum carbonate is 
sensitive to clianges in carbon dioxide concentration, and it is not 
unlikely that the calaum stored in this form m the bones tends to 
regulate to some extent the amount of calcium in arculatiOn The 
solubihty of CaCOj is only 9 6 mgni per liter, whereas the solu- 
bilitj of CaOICOj). is 385 mgm per liter Turthennore, carbonic 
acid has been shown to exert a pronounced soKent action upon cal- 
aum phosphate (278), while it converts lead phosphate only very 
slowly to tlie di-lead salt Tluctuations in the concentration of COi 
would therefore regulate and keep fairl> constant tne quantity of 
calaum in the blood stream, whereas they would rot affect the 
deposited lead salt 


Numerous experiments Ixave been performed (129) to detennme 
Uie composition of the lead salts stored in the bodi‘ ifinot (307) has 
shown that storage occurs m the sLe’eton. Bones of animals ex- 
pcnmcntally poisoned with lead were the.-eioie studied to determine 
the chcrnical composiUon of tie deposited l^d salt, for it had been 
previouslj suggested that lead is depo-ffied in ffie body as an al- 
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buminate or carbonate. Both these salts are soluble in acetic 
or similar weak acids, but the repeated attempts made to dissolve 
lead from bone tissue with these acids have always resulted in fail- 
ure It is, however, possible to remove lead from bone with mtnc 
acid in which lead phosphate is soluble To determine the exact 
nature of the lead compound in bones is obvdously very difficult, 
for the amoimts of calcium phosphate and carbonate present are 
enormously greater than the quantity of lead deposited. Prevost 
and Binet (368) came to the conclusion in 1889 that lead was 
stored as phosphate because of its insolubility in sulphuric acid and 
ammonium acetate, and its solubility m nitric acid Tartaric acid, 
which is a good solvent for lead phosphate, removes lead from bone 
tissue but dilute hydrochloric acid, which would dissolve lead only 
slightly, must be present to keep the insoluble calcium tartrate in 
solution Sulphurous acid completely dissolves the calaum from 
bone as acid calcium sulphite, Ca(HS 03 ) 2 , but leaves the lead un- 
affected Therefore lead in bone tissue is in the form of a less soluble 
salt than the carbonate or albummate 
Because the amount of lead present is so minute — usually about 
10 to 20 mgm in 150 grams of bone — it has been impossible to 
separate the lead compound and to identify it definitely as lead 
phosphate. But experiments have been performed on the different 
lead salts which throw some light on the problem When circulating 
lead comes mto contact %vith the orgamc matnx of bone it is doubt- 
less deposited much as is calcium except that it can be deposited in 
any quantity only as the phosphate The solubility of lead phos- 
phate in water is 0 13 mgm per liter, while that of lead carbonate 
is 1 7 mgm per liter When preapitated as phosphate by di-sodium 
hydrogen phosphate, lead is in the form of the tri-lead salt which is 
transformed slowly in neutral or slightly acid solution into secondary 
lead phosphate (PbHPO^) This di-iead salt always forms under 
equihbnum conditions (126) but m a slightly alkaline medium sim- 
ilar to that of the body, the tertiary salt is the stable form It is 
in this very insoluble condition that lead is probably stored in the 
bones. Under normal conditions it may remam inactive for com- 
paratively long periods, but when the alkalinity decreases, as in 
acidosis, the equilibrium swings toward the most soluble lead salts so 
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that lead may be set free (sec section IX) and cause acute symptoms 
of lead poisomng 

Solubilitv determinations of di-lead phosphate prepared by the sjmthctic 
method (Senes I) (4), and under equihbnum conditions (Senes II) have 
been performed The results are summarized m table S The average 
solubility (0 0129 ± 0 0004 gram per liter) proved to be approximately one 
hundred times that of tri lead phosphate This pronounced difference is 
important, for anj variation in local reaction, such as increased acidity, 
may affect to a marked degree the quantity of lead in circulation Even 
as weak an acid as carbonic can react slowly with tn-lead phosphate in tlie 
following manner 

Pb,(PO<li + HiCO. PbCO, + ZPbHPOi 

The solubihty of this tn-lead salt m carbonic acid corresponds to that of 
the di lead salt in pure water MTicn shaken for several hours at room 
temperature in water saturated with CO. the solution phase con tamed as 
much as 13 0 mgm of lead phosphate per liter 

The failure of weak aads to dissolve lead %n oilro from bones con- 
taining lead IS undoubtedly in part dependent upon the buffer action 
of calcium phosphate and in part upon the decreased solubihty of 
lead phosphate in the presence of excess phosphate ions But a 
factor of probably greater importance tlian cither of these is the 
fact that i« VIVO the production of aad is local and proceeds from 
the interior of tlic cell outward, whereas m jilro the action of the 
acid is from the outside in 

If normal and experimental conditions arc considered from the 
viewpoint of hydrogen ion concentration, dciiaencies of the expen- 
ments i» titro become more apparent Local production of acid 
within the cell must raise tlic hjdrogen ion concentration far more 
than can the mere addition of the same amount of acid diffused 
through a large volume of solution Therefore lead in the bone 
must be more affected bj local changes than it is by variations in 
the arculaUng medium which bathes the cells and by buffer acUon 
whicli maintains a nearly constant hjdrogen ion concentration 

When tn-lcad phosphate is shaken with lactic acid the phosphate 
neutralizes the acid (table 6 and fig 7) Since lead lactate is soluble, 
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much more lead is carried into solution than when the lead salt is 
mixed with carbonic acid. 

Pbj(P04)2 + 2CH3CHOH COOH PbCCjHsO,). + 2PbHPO< 

That local changes in reaction of the tissues are among the factors 
determining how much lead can pass into circulation, is therefore 
not unlikely This solubility of tn-lead phosphate in lactic add is 
particularly striking and may account for the fact (see section \T) 


TABLE 5 

Solithbly of dt-lcad phosphate m 'i^aler at 25°C 


SEEIES 1— SyNTHETIC PbHPOi 

SERIES n— EQUILIBRimi PbHPOl 

Grams per liter 

Delation from mean 

Grams per liter 

Deviation from mean 

0 0134 

0 0005 



0 0120 

0 0009 



0 0129 

0 0000 



0 0130 

0 0001 



0 0132 

0 0003 







0.0129 

Average 

0 0129 

Average 


TABLE 6 


Solubility of lead phosphates in lactic acid at 25°C 


KUUBER 

LACTIC ACID ^ORiIALITY 

VlSSOtVED DI-LEAD 

phosphate I 

DISSOLVED TRI LEAD 
PHOSPHATE 

1 

0 047 

gram per liter 

0 141 

gram per liter 

0 686 

2 

0 093 

0 197 

1 175 

3 

0 186 

0 283 

1 794 

4 

0 465 

0 458 

2 296 

5 

0 930 

0 484 

2 661 


that only traces of lead are found in muscle tissue, while large amounts 
may be present in bone 

The aisorphon of lead by bone Experiments have shown that 
pieces of bone taken from an animal immediately after death absorb 
lead from a dilute solution of lead salt at a rate which depends upon 
the size of the bone particles This lead is not removed by the 
formation of an insoluble albuminate, for the freer the bone from 
protein material the more effidently is the lead taken from solu- 
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tion These interesting facts have led to an investigation of the 
power of crushed bone to absorb lead 

In a senes of experiments bone was carefully freed from fat by repeated 
extraction with chloroform and ether, and then from protein matenal by 
extraction with bofling salt solution and water until the biuret test was no 
longer posiUve The crushed bone was carefully graded b> sifting, and 
was shaken in the shaking machine with lead chloride solution at various 
concentrations Because of the mutual grinding action of the bone particles 
under these conditions a certain amount of bone becomes more finely 
divided It IS, therefore, more satisfactory to allow the solution to flow 
contmually over a bed of crushed bone The apparatus shown in figure 8 
was devised for this, and since it is automatic, uniform conditions may 



easily he maintained That lead is quickly removed from solution under 
such conditions is shown by table 7 and figure 9 Tlie rate of removal is 
high — at the end of fifteen minutes the lead is completely withdrawn from 
solution Such other substances ns charcoal and cellulose which adsorb 
lead, or permutite which interacts with it chemicallj, are relatively in- 
effective in removing lead from solution when compared with crushed 
bone 

To demonstrate that lead is removed from solution by replacement of the 
calcium m the calcium phosphate of bone, required but little experimenta- 
tion Lead solutions of knowm conccntmtion were pumped over crushed 
bone until the lend was completely absorbed. The filtrate containing the 
cnlcium was then analvzed and the amount of calcium hbcratccl compared 
with the amount of lead absorbed Table 8 and figure 10 indicate that the 
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amount of calcium liberated increases as larger quantities of lead are 
absorbed. The process is, therefore, one of replacement 

The degree of absorption of lead by crushed bone depends upon 
the hydrogen ion concentration (table 9 and fig 11) Lead is not 



Fig S Ciecui.ato»g Pump 


removed very effectively from the more acid solutions, but as the 
acidity falls lead absorption increases until at pH 7 8 the maximum 
absorption occurs Below this point lead is again absorbed in 
decreasing amounts It is of biological interest that the range of 
maximum absorption tn vitro lies between pH 7 4 and 7 8 
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That lead replaces calcium m bone as phosphate rather than by 
umUng directly with the protein of the organic matrix has been 
demonstratedf When tlie orgamc matenal in bone particles is 
destroyed by igniUon, lead is much more readily taken from solu- 
tion than when the calaum phosphate of the bone is removed by 
decalafication There is a distinct difference between the removal 

TABLE 7 


Rate of absorption of lead 


KiniBER 

tUlTUt AMOtrVT or tiJU) 
jjj soitmo*! 

PD.AL A-fOeVT or t£AJ) 

IN so^urroN 

nniE or ABsosmos 


frtfft 

i»stn 

mm 

1 

25 

15 89 

i 

2 

25 

10 78 

1 

3 

25 

6 64 

2 

4 

25 

4 44 

3 

5 

25 

1 49 

6 

6 

25 

0 30 

9 

7 

25 

0 12 

12 

8 

25 

0 00 

IS 

9 

25 

0 00 

30 


TABtE 8 


Replacement of calcium tn bone b} lead 


KCUBEK 

1 ISrtlALyOLAX 

1 COVCEVTKATIOV 

IbXJWO 

uoLsorPb 
KSSOEBEO X 1000 

IIOIS or CAICJCM 
XIBEBATEOX lOOO 

WOlS or ABSORBED 
UOLS or C& LOIERATCD 

1 

1 38 

1 36 

1 09 

1 25 

2 

2 07 

2 05 

1 82 

1 12 

3 

2 78 

2 66 

2 08 

1 28 

4 

3 45 

3 22 , 

2 28 

1 41 

5 

4 14 

3 80 

2 41 

1 57 

6 

5 52 

4 36 

2 74 

1 59 


pH »» 7 4 Volume 175 cc 


of lead b> crushed and ignited bone on the one hand, and by de- 
calafied bone and kelp charcoal on the other The two latter appar- 
ently atlsorh the lead while the first two replace calaum chemically 
b> lead The microscopic appearance of the absorbed lead is dif- 
ferent in the two cases Sections show tliat lead is deposited as a 
dense, compact layer on the surface of igmted or normal bone, while 
in decalafied bone it penetrates deeply The vainaUons m degree 
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of absorption of lead by these four substances are recorded in table 
10 and figure 12. 

The absorption of lead by cartilage As noted above, cartilage has 
been found to take calcium from solution, and recent experiments 



Fig 9 Rate of Absoefxion of Lead by Bone 



have also demonstrated its power to remove lead from the surround- 
ing medium The process, unlike that of the absorption of lead by 
bone, does not bind the lead closely and is not complete. It may 
possibly be adsorption rather than chemical umon The quantity 
of lead absorbed is directly proportional to the time of contact and 
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vanes with the hydrogen ion concentration of the solution Im- 
pregnated cartilage gives up its lead much more readily m acid solu- 
tion than docs crushed bone after the same treatment If the lead 
combmed directly mtli the cartiiagmous protein, as it evidently 
does, this would be expected, because lead albuminate is very soluble 

TABLE 9 


Efcci ofh^dro^ett ton conce7i{ratton upon absorplton of lead 


MTUBCK 

iVtTIAZ. AMOirVT OP IZAD 

IV soLtrriov 

mAl AMOPNT OP tEAD 
IK SOLVTIOV 

pH 



WfW 


1 


72 3 

4 0 

2 


45 4 

5 0 

3 


34 8 

6 0 

4 

125 

16 8 

6 S 

S 

125 

12 3 

7 2 

6 

125 

10 8 

7 4 

7 

125 

7 8 

7 6 

8 

125 

6 5 

7 8 

9 

125 

15 1 

8 0 


TABLE !0 


Absorption of lead erushed, deeaJctJied and tgntkd hone, and help charcoal 


NruBU 

rbij 

SOtVttQ t 

tZAD I*f BOLnriOV 

Crushed booe 

' Dcc3?o£rd booe 

IgDitcd bone 

1 Kelp cbArcOal 


nfffl 


mgm 

rtgm 

mmgam 

1 

25 

0 00 

3 72 

0 00 


2 i 

50 

0 40 

10 09 

0 00 


3 

75 

0 89 

27 64 

0 00 


4 

100 

7 23 

45 48 

0 77 

56 06 

5 

125 

8 05 


2 96 


6 

150 

17 50 

89 99 

11 03 

90 71 

7 

200 

42 00 


19 42 



in an acid medium— it dissolves at hydrogen ion concentrations 
slightlj above pH 5 8 

These cvpcriraents with crushed bone do not demonstrate that 
lead IS Uiken from the arculatmg blood stream m ftvo by direct 
chemical replacement, but they do both cxplam the removal of lead 
by bones, cither dried or freshly dissected from the animal, and 
emphasize the sensitiveness of absorbed lead to dianges in hydrogen 
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Fig 12 Absorption or Lead b\ Crushed, Dec-vlcified, and Ignited Bone, and by 

Keep Charcoal 


ion concentration In vtiro the deposition of lead is comparatively 
gross as compared with that in the bones of an animal slowly being 
poisoned with lead. 
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Although the ratio of calcium to lead in bone dunng life must be 
very much Jugher than dunng experiments tn vitro our results prob- 
ably indicate the general direction of the reactions 
The data indicate that lead is sloivly deposited in bone— possibly 
by adsorption of colloidal tn-lead phosphate When deposited this 
IS very inert and insoluble under normal conditions, but any changes 
in the reaction of the tissues, either toward the acid or alkaline side, 
allow it to be gradually transformed into the di-lead salt which is 
one hundred times more soluble 

Local changes of the reaction of tissues may therefore mobilize 
the lead within the organism — ^particularly if lead is deposited near 
the blood vessels of the bones where it can be affected by any vena- 
tions m the reaction of the blood 
Summary Lead is probably transported m the blood stream in 
the form of colloidal lead phosphate and deposited in the bone tissue 
as tertiary lead phosphate This is sensitive to cliangcs in acidity, 
particularly to vanations caused by such acids as lactic This may 
in part account for the fact that in the body the concentration of 
lead in muscle is \ cry low and that a majonty of tlie deposited lead 
IS in bone tissue The sensitiveness of tertiary lead phosphate to 
changes in hydrogen ion concentration may be an important fac- 
tor m the frequent development of acute lead intoxication following 
acute infection or aadosis 

V IXAD ABSORPTION 

Information regarding the rates and methods of absorption of 
lead by various routes is of great importance both from a physiological 
and practical point of view Industrially the mam portals by which 
lead enters the body are the respiratory' tract, the gastro-mtestmal 
tract, and the skin The absorption of lead introduced into the sub- 
cutaneous tissue and the intrapcntoneal ca\ity is of experimental 
interest 

Since investigation of the problem of lead absorption was first 
stimulated by induslnal tragedies, it is not strange that cutaneous 
absorption was given an important place by many early observers 
Even today surelv the most obvious exposure of workmen to lead is 
by way of the skin The charactensticallv besmeared hands and 
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faces of painters and the covenng of dust on the clothes and features 
of men handling dry lead compounds repeatedly raises the question 
Can lead be absorbed by the intact skm^ 

% 

Manouvner (280) in a review of the literature up to 1873 quotes among 
others Canuet (66) (1825), Brambilla (53) (1837), Borghi (46) (1840), 
Bricheteau (54) (1848), and Fievee de Jeumont (136) (1855) as supporters 
of the view that lead may be absorbed through the skin To Manouvner 
(280), Eichhorst (110), Malherbe (276), Rousseau (392), and others further 
e\adence of local absorption through the skm has seemed to be furnished 
by the frequent appearance of paralysis or arthralgia in those parts most 
exposed to lead These views have been persistently preserved and handed 
down in the hterature and we find as recent a writer as Oliver (337) suggest- 
ing the possibihty of cutaneous absorption of lead from cosmetics. 

When experimental studies are employed, however, to test the validity 
of this plausible and attractive theory the results seem on the whole 
to be negative. 

Tanquerel des Planches (453) (1839) was unable to produce symptoms 
of poisoning in dogs and rabbits by daily rubbing the shaven skm with 
various lead preparations or by the apphcation of diachylon plasters 
Similarly, Sussmann (450) (1918) could produce only very slight absorption 
(as ewdenced by the detection of small amounts of lead in the excreta and 
tissues) by rubbing and poulticing the shaven skin of cats ivith lead oleate. 
Rand (375) has pointed out the possible inaccuracy involved in drawnng 
conclusions about cutaneous absorption m man from data obtained from 
experiments on non-perspiring animals 

Nevertheless such modern authorities as Legge and Goadby (252), 
Meillere (293), Oliver (337), and Hamilton (188) all agree that the 
intact skin is practically negligible as a portal of entry for inorgamc 
lead compounds. There is danger, however, in making too liberal 
generalizations from this statement Numerous records of cases 
of plumbism resulting from the application of lead preparations to 
ulcers, burned areas, skin eruptions, as vaginal douches, or eye 
washes, etc (356) (24) (102) (353) (56) indicate that the broken or 
irritated surfaces may offer a much more ready path of entrance to 
lead Neither can deductions as to the rate of absorption of organic 
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lead compounds through the slun be drawn from experiments with 
aqueous solutions of lead salts Many compounds which dissolve 
fat, as for example methyl salicylate and mtrobenzol, are known to 
penetrate the skin readily The general opinion that there is danger 
of absorption in handling organic lead compounds such as lead tetra- 
ethyl IS apparently well founded Furthermore, the absence of cuta- 
neous absorption should not be interpreted as a justification for any 
relaxation in the regulations for personal samtafcion among lead 
workers Although the hand itself probably does not absorb lead, it 
may still be the means of carrjang lead compounds to the mouth or 
nose where ready entrance to the orgamsm is offered 
A stnctly chronological discussion of the theories of lead absorption 
IS not possible because advocates of all views may be found at any 
given time and because absorption rarely takes place exclusivel}^ by 
one route except under experimental conditions Nevertheless, the 
common practices of sweetening wune with lead acetate (453), of 
cooking m lead or pewter dishes (453), of conducting public water 
supplies through lead pipes, and even of using lead compounds medic- 
inally for certain intestinal disorders, made poisoning from gastro- 
mtestmal absorption a much more common occurrence in earlier 
times Tlus gave rise to the generally accepted belief, which has 
persisted m popular opimon until the present, that the lead which 
enters the gastro-mtestinal tract is chiefly responsible for the symp- 
toms of plumbisra Mcillere (293) (1903) holds this view and mdeed 
as recently as 1921 m the Agenda of the International Labor Office of 
the League of Nations the following statement was made “The 
digestive canal is undoubtedly the most important path of entry 
the respiratory' canals have only a sccondarv importance 
in tlus connection and even this is still contested ” 

Absorpbon through the respiratory tract The fact that lead is 
absorbed by the gastro-inlestinal tract is doubted by no one Hoth 
expenmenlal and accidental cases of lead intoxication have repeatedly 
occurred w'hen lead could notpossibly har e entered by any other route 
Moreoxer Carlson and Woelfel (68) have shown that exen the most 
insoluble lead compounds dissolxc to some extent in gastnc juice 
On the other hand, Uie persistent reiteration from Stockhusen’s (444) 
time to the present, by students of the industnal lead hazard, that the 
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SO that lead could enter neither the lungs nor the gastro intestinal tract 
After one to three days had elapsed these animals were killed and the 
quantity of lead present in all the tissues exclusive of the head iras de- 
termined Here again evidence of the rapid absorption showed that lead 
dust needs merely to reach the nasal passages in order to gam ready 
entrance into tlie organism 

These somewhat drastic experiments prove conclusively that lead is 
absorbed by the entire respiratory tract, but the expenraental subjects 
were m too abnormal a condition and the duration of the experiments 
was too limited to allow a comparison of the course of events m the 
intoxications following gastro-mtestinal and respiratory absorption 
Consequently another senes of expenments was earned out m which 
various lead compounds were introduced into the respiratory tract of 
normal animals This was accomplished with very little respiratory 
disturbance by inserting a needle through the unbroken skin into the 
lumen of the trachea and injecting approximately 2 cc of a suspension 
of lead carbonate or other salt m physiological salme Undoubtedly 
some lead was swallow ed m these cases so that there w as some gastro- 
intestinal absorption, but the development of symptoms was so much 
more rapid m these animals than m the cats which had received far 
greater quantities of soluble lead by mouth that the relative danger 
involved in the two forms of exposure was clearly demonstrated 
Lead bnes appeared wathm four or five days and such typical signs of 
plumbism as loss of appetite, constipation, weakness and nervous 
symiptoms developed rapidly If the insufflation of dust was re- 
peated, intoxication soon became fatal 
A comparison of the quantities of lead absorbed into the organism 
by different routes is given in table 11 The fact that during long 
experiments the disproportion between the quantities of lead retained 
after absorption from the respiratory and gastro-iiitesUnal tracts 
decrcases,it makes evident that, if time allows, excretion becomes very 
unpottant When lead enters the body by way of the respiratory 
tract, both absorption and excreUon involve transportation in the 
systemic blood, while lead entering through tlie gastro-intestinal 
tract may be excreted w ithout being absorbed, or after absorption may 
be caught by the liver and excreted in the bile without ever reaching 
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the systemic circulation Thus a large proportion of the lead ab- 
sorbed from the gastro-intestinal tract is confined to a region where it 
causes relatively little damage 

The course which lead follows from the time of entrance into the 
organism until it is excreted or stored explains in part the great danger 
involved in exposure to lead dust, and makes it quite evident that the 
dusty trades are the most hazardous because they allow absorption 
through the respiratory tract Figures 13 and 14 illustrate diagram- 
maticaily the course of lead within the body. The black circles 


TABLE u 

Comparative rates of lead absorption by different routes 
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represent areas of injury, the hollow circles comparatively resistant 
areas 

Gastro-intestiiial absorption. Though the stomach is chiefly re- 
sponsible for the solution of swallowed lead particles, there is no 
evidence that the absorption of lead is confined to any special part 
of the gastro-intestinal tract Some difference of opinion does, 
however, exist as to the region where absorption is most rapid. 

jVIeillere (293) and Brouarde] (56) believe that any mucous surface— 
hence the entire alunentary canal — can absorb lead. Legge and Goadby 
(252) state that absorption is very shght m the stomach and takes place most 
















IXAD POISOMNG 


49 


rapidly m the upper port of the small mtestine Somenhat opposed to this 
wen IS the opinion of Hamack (200) that bile so reduces the rate of absorp- 
tion that It becomes very shgbt m the part of the intestme where the bile 
enters 

The presence of food, and more especially of milk, in the gastro- 
intestinal tract has been generally supposed to decrease greatly the 
rate of lead absorption This theory is based upon the arguments 



Entering 

Lead. 


Flo 13 Diaoeam IirusiKATTvo THE Course or Lead Wirrav me Bodi atter En- 
TRAACE TROU ME GASTEO-ImESMIAE Tr.\CT 
The solid blacl circles represent areas susceptible to injurv, the hollow circles com 
pantn eb resistant areas 

(a) that solution of solid lead compounds m the stomach is retarded 
by the reduction of acidity, and (i) that the food itself unites with 
lead to form comparatively insoluble compounds 

In the course of experimental work in this labontorj , lead acetate solu- 
tion mixed with 75 cc of mil! was administered to one group of cats vhile 
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to Others the same doses (50 mgm of lead per kilo of body weight) of lead 
were given in water twelve to twenty hours after the last food had been 
taken. In both cases lead was given on alternate days until death As the 
figures m table 12 indicate, there was no consistent nor significant differ- 
ence between the quantities of lead retained in the body by the two groups 
of animals 

Thus, although the general belief in the value of a milk diet as a 
preventive of lead poisoning is undoubtedly well founded as will be 


/Auscle and Central 
other tissues nervous system 



Fig 14 Diagram Iixusirating the Course of Lead Within the Body after 

Entrance from the Lungs 

The solid black circles represent areas susceptible to injury, the hollow circles com- 
paratively resistant areas 


shown later (section IX, page 101) , the beneficial effect of milk is due 
to its dietary properties rather than to any effect on the absorption 
of lead 

The exact processes involved in absorption of lead from either the 
respirator)’^ or gastro-mtestinal tract are not clearly understood, but 
certain obsertmtions have been made which point to the t3q)e of physio- 
logical reactions which occur In the lungs the presence of poly- 
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morphonuclear leucocjtes and mononuclear phagocj'tic cells con- 
taining lead indicates that phagocytosis probably aids absorption 
The invariable storage of lead in the skeleton as the phosphate, no 
matter in nhat form it was administered, furmshes ample proof of 
true solution dunng absoipUon or transportation Even with the 
evtremel} sensitive test which Cazeneuve (73) devised for chromic 
acid, no chromate could be found in the bones after insufflation of 
lead chromate (308) To pexnut such solution a relatively high degree 
of acidity is necessary Obviously, ingested lead can be dissolved in 
the acid of the gastro-mtestinal tract (68), but in the lungs some com- 
plicated mechanism must be invohed in producing sufflcient aadity 
Perhaps the ready penetration of COz through cell membranes (226) 
(227) permits the hydrogen ion concentrabon of the cells to increase 
to the point where solution can take place 
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Subcutaneous absorption Subcutaneous injections have fre- 
quently been used as an experimental means of induang very gradual 
absorption of lead Straub (448) and ErJenmey er (122) seem to have 
been most successful n ith this method and ha\ o frequently produced in 
cats a fatal and x cry chronic type of plumbism In this laboratory the 
subcutaneous injection of 220 mgm of lead as carbonate failed to 
produce any toxic effects except tlie appearance of the lead hne in a 
feu cases Several times, houexcr, local necrosis resulted On the 
uholt, the method xvas quite unsatisfactory' in our hands Some 
absorption of lead from the subcutaneous deposit did, boucier, occur 
for several uceks after the injection, for the body ussucs, exclusive 
of the immediate region of the deposit, were found to contain 
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lead (see table 13) The lead absorbed is of course represented 
not only by the amount found in the tissues but also by the 
quantity excreted. This is indicated by the discrepancy between the 
amount injected (220 mgm) and the amount recovered Lead 
absorbed from such a deposit, like that from the lungs, enters directly 
into the general circulation, but in these cases so gradually that the 
animals remain in good condition and toxic symptoms develop very 
slowly if at all, despite a definite absorption of lead 
A point of practical interest in this connection is the possibility of 
lead absorption from bullets embedded in the tissues The litera- 
ture on this subject is rather contradictory 


TABLE 13 

Analysts of tissues of cals after lead absorption from subcutaneous tissue 
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Lewin (262), Leoper and Verpy (269), and Disselhorst and Schneider 
(99), and Ohver (339) may be mentioned among those who have reported 
toxic symptoms produced by the lead from buUets Bonhoff (43), however, 
who has done the most recent and extensive work on the subj'ect, concludes 
that absorption of lead from embedded bullets is very rare. 

Sunmiary. The route by which lead enters the organism most 
rapidly is the respiratory tract Hence, the exposure to be most 
guarded against is the inhalation of finely divided particles Next in 
danger comes the continued ingestion of lead compounds, and last of 
all the possible slow cutaneous absorption in persons with tender, 
irritated, or broken skin 

VI. DISTRIBUTION AND STORAGE OF LEAD 

Storage of lead in the organism is suggested by the charactenstic 
latency and frequent recurrence of chronic plumbism Ever smee 
analytical methods have been available, accurate chemical informa- 
tion about the mechanism of these processes has been sought. As 













a result, the literature since 1840 contains a tremendous amount of 
data on the lead content of the tissues and excreta of men and am- 
mals during plumbism But because most of the investigations 
include examinations of only one or two tissues most directly involved 
in the clinical symptoms, a review of these data adds nothing to a 
real understanding of the fate of lead in the organism The few 
more extensive studies deserve recapitulation because they provide 
an outline of what was known about the distnbution and storage of 
lead before this mvestigation 

In 1861, Gusserow (182) published a most suggestive paper which should 
have influenced later work more than it apparently has By means of a 
somewhat crude electrolytic method he analyzed the various tissues of 
poisoned rabbits, and found by far the highest concentration of lead m the 
bones Muscles, kidney, liver, and central nervous system came next m 
order In discussing Ins observations Gusserow suggested an analogy 
between the storage of lead and calcium in the skeleton and hinted that 
changes m the orgamsm as a whole might give rise to migrations of lead as 
well as of calcium to and from the bony deposit This suggestive idea was 
Ignored by Gusserow's contemporaries, but much attention was focused 
upon his statement that the muscles contain a relatively higher concen- 
tration of lead than do the other soft tissues On the basis of this work 
and without further experimentation, Rosenstem (390), Hitzig (218), 
and others soon proceeded to explain the entire s^mdrome of chrome plumb- 
ism in terms of lesions produced by lead on muscles Heubcl (213), who 
made an extensive chemical study of the distribution of lead among the 
tissues by means of the gravimetric sulphate method, was opposed to this 
view Like Gusserow, he found the greatest concentration of lead m the 
bones, but observed that the central nervous system contamed much more 
than did muscle He argued that because of its chemical aflmity for lead 
and Its susceptibility to toxic effects, the nervous system must suffer lesions 
which are at least partly responsible for the symptoms of lead poisoning 
Similar conclusions were reached by Ellenbcrger and Hofmcister (1I3) m 
their studv of sheep poisoned by lead 
A verj lliorough and critical studj of lend poisoning was carried out by 
Brcvxjsl and Binct (368) in 1889 Their quantitative data were limited 
by tlie fact tliat in many cases rats and guinea pigs were used ns experi- 
mental subjects The individual tissues of these small animals contained 
too minute amounts of lead to bo measured accurately by the gravimetric 
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chromate method of analysis which these authors employed They did, 
however, point out the differences in distribution of lead dunng acute and 
chronic plumbism and showed that in acute cases of poisoning foUowang 
gastro-intestmal absorption the liver contains the largest quantity of lead, 
with kidney and bone next in order of concentration In more chronic 
cases they observed that the concentration of lead in the skeleton is much 
higher than that in any other tissue They beheved that the lead exists 
in the bones as the phosphate and that it can be retained in this form 
indefinitely. 

In 1903 Meillere (293) published a large mass of data on the amount of 
lead in human tissues durmg lead poisoning Unfortunately he merely 
reports the hmits of concentrations found m the various tissues in all his 
collected cases, and thus lenders a comparison of indmdual pictures 
impossible Nevertheless, in his discussion, j\'Ieillere emphasizes the differ- 
ences in distnbution at vanous stages of the disease and reports that m old 
chronic cases there is a progressive selective localization of lead in the bones 
and keiatinous tissue. This he considers is brought about by a kind of 
internal excretion of tlie lead to a harmless deposit The possibihty of its 
mobilization is not discussed in his w'ork 

The innocuousness of the comparatively large amounts of stored lead as 
contrasted with the marked toxicity of smaller quantities of lead in the 
process of absorption has been somew'hat explained by the w'ork of Straub 
(447) (44S) and Erlenmeyer (121) (122) They poisoned animals fatally 
by subcutaneous administration of lead carbonate and by means of the 
gravimetric sulphate method determmed the lead present m the animals 
and excreta They found that comparative!}' httle lead was retained in the 
tissues. Much of the injected lead was, however, absorbed and recovered 
from the excreta During transportation, toxic s}mptoms developed which 
proved fatal in many cases From these data Straub and Erlenmeyer con- 
cluded that the effects of lead are produced not by lead deposited at the 
site of injur}’', but rather by the “lead stream” — that is, by the small 
amount of soluble lead actually carried in the blood They argued that 
while the amount of lead comprising this “stream” is too small to be effec- 
tive in a single dose, the influence of innumerable submimmal doses could 
eventually cause pathological changes in certain sensitive tissues 

An attractive theory to explain the latency and recurrence of 
clironic plumbism could be constructed by assemblmg the sugges- 
tion of Gusserowq the chemical data furnished by Heubel, Prevost 
and Binet, Mallere and others, and tliese suggestions of Straub and 
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Erlenmeyer It is possible that mobilization of the lead accumulated 
and stored in the bones might produce a “lead stream” of sufficient 
concentration to evoke toxic symptoms But smce these vanous 
investigations were earned out by such different and often inaccurate 
metliods and incjuded such vaned types of lead poisomng, the proper 
place of each work in completing the picture of the fate of lead m 
the organism can be ascertained only after the problem has been 
studied by an accurate and uniform metliod This has recently 
been done in this laboratory (307) (308) (309) 

“Normal lead ” Before an evaluation can be made of the signifi- 
cance of the quantities of lead found m vanous tissues, it is neces- 
sary to determine whether lead is commonly present in the body 
As Chevreul (80) and Devergie (96) long ago pointed out, the term 
“normal lead” is poorly chosen Lead is not an essential constit- 
uent of any human tissue but it may be present acadentally if 
the customary activities and diet of an mdividual allow it to enter 
the orgamsm There is only a quantitative difference between so- 
called “normal lead” and that found in cases of lead poisoning It 
IS, therefore, important to determine how much lead is likely to be 
absorbed by individuals living a usual normal life at a given time 
and place The following figures for natural lead, published in 1840 
by Devergie, although probably inaccurate because of the methods 
of analysis, have historical interest 
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At about the same time Legnp (253) and MiUon (30Sa) found lead generally 
present in the blood and tissues of normal individuals 
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The practice of sweetening vnne with lead acetate^ the common 
emplo}Tnent of pewter dishes and the indiscriminate use of lead 
pipes, and the medicinal use of lead compounds for certain intes- 
tinal disorders can readily explain the figures obtained at this early 
date. As more care was gradually exerted to obtain pure food and 
drinking water, the amount of “normal lead” would be expected to 
decrease Meillere’s (294) figures indicate that this occurs, for in 
1903 he found small traces of lead occasionally, but by no means 
umversaliy, in the tissues of individuals who were not industrially 
exposed to lead and showed no S 3 anptoms of plumbism This was 
most frequently found in the hair, nails and bones where it appeared 
to be stored as a harmless deposit 
Since previous investigations as well as recent work in this labora- 
tory have demonstrated that the lead retained by an apparently 
normal individual is held almost exclusive^ by the skeleton, it has 
seemed reasonable to test specimens of bone for “normal” lead 
Table 14 shows the concentrations found in twenty-six specimens of 
human bone obtained from patients with no symptoms of plumbism 
and no recent industrial exposure to lead In seven cases lead 
was detected. Of this number four patients were found to have had 
a definite history of exposure at some prexuous time; in one case this 
lead had been retained at least nine years without producing any 
toxic sjmptoms The other three gave no history of knoivn exposure 
to lead but possible exposure might readily have been overlooked 
Nmeteen of the bones analyzed contained no lead Most of these 
were taken from old persons who had had more opportunities for 
exposure than would jmunger mdividuals. Our figures indicate 
that in this vicinity foods, public water supplies which largely run 
through lead pipe, and the usual activities of daily hfe cause no re- 
tention of lead m the body, (See Addendum ) 

Distribution of lead in experimental lead poisoning. Any study 
of the distribution of lead m the body must include onl}’- cases with 
accurate^ known histones of exposure to lead and must be based 
upon the anal 3 *ses of all the bod 3 ^ tissues from different types and 
at different stages of the disease if it is to do more than contnbute 
to the existing confusion Data thus obtained would serve as a 
basis for the interpretation of some of the figures alread 3 ^ reported 
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in the literature, as well as for the explanation of cases in which less 
complete chemical studies arc possible To obtain information of 
this kind, the use of experimental animals is, of course, necessary 
4.fter some prelimmary trials with other species in this laboratory, 
cats -svere found to be the most satisfactory subjects for such an in- 
vestigation Although readily poisoned by lead mtroduced through 
any path of entry, they arc sulEaently resistant to the intoxication 
to allow the development of tj-pical Aromc plumbism They are, 
also of such a size that the entire body may be completely analyzed, 



Fig is Ducrausiatic REPRESENTATIo^ or ran Distribuhon avd Concenteatiovs 
or Lead in rae Tissues or Cat D 

See table IS Solid black portions represent percentages of total lead in bod> Cross- 
batched portions represent nnlbgrams of lead per 100 grams of fresh tissue 

and consequent^ both the percentage of total lead retamed and the 
concentration per unit weight may be determmed for each tissue 
A feu experiments, however, earned out wuth dogs, rabbits, and hens 
show the same distnbuUon of lead as reported here for cats 
Effect of the portal of entry on distribution of lead The contra- 
dictory figures for the distnbution of lead which are reported con- 
stantly by different inx estigators, suggest the possibility of some 
relationship between tlie portal of entry and the localization of lead 
in the bodj Harnack (200) emphasized this pomt some tune ago 
and offered as an explanation for the different findings reported by 


grams msm mgm 

Femur 1S2 0 00 0 00 Male 60 Tinsmith for twenty-five years Leg amputated for 

diabetic gangrene 
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Annuschat (9) and Lehmann (257) the fact that Annuschat had fed 
lead by mouth wHle Lehmann had introduced it into the general 
cu-culation by means of a subcutaneous injection 



Pig 16 Diagrammatic Rerresentation of the Distribution and Concentrations 
OF LE(U3 in Cats 2, 5 and 13 (Table 16) 


Solid black portions represent percentages of total lead in body exclusive of lungs. 
Cross-hatched portions represent milligrams of lead per 100 grams of fresh tissue No 
lead was determined m tissues not represented in tlie figure 

A, Cat2,nineteenhoursafterinsufflationof5cc oflead carbonate suspension Total 
lead in body exclusive of lungs, 26 62 mgm 

B, Cat 5, forty-two hours after insufflation of 4 cc of lead carbonate suspension 
Total lead m body exclusive of lungs, 72 40 mgm 

C, Cat 13, ninety-siv hours after insufflation of 2 cc of lead carbonate suspension 
Total lead in body evckisiie of lungs, 12 71 mgm 

A comparison of the various results obtained m this laboratory 
during a study of the distnbution of lead m the tissues of animals 
whicii had received lead by different routes up to the time of death, 
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throws more bght on this problem (307) (308) For ease of com- 
panson the expenments may be classified as follows 

Group A Absorption bp gastro-mtcstinal tract The cats m this group 
were poisoned by a solution of lead acetate administered by stomach tube 
m doses of 50 mgm of lead per kilo of body weight every other day 



Tic 17 I)r\oR.iu5rAric RErKtscNTArroN of tue Distjubution avd Coj centratio' s 
OP I EAO IN Cats A and B roLLO^\’iNO Tin: Subcutaneous Absorption of Lead 
See tabic 17 Cat A killed 132 days after the injection of 220 mgni of lead Total 
lead in tissues 25 72 mgm 

Cain killed 149 d'lj’s alter the injection ol 220 mgm ollcad Total lead m tissues 
29 20 mgm 

Group B Absorption by respiratory tract For these experiments the 
animals were prepared by ligating the esophagus in an aseptic operation 
l^hile the animal was still ancstliclizcd approximately 200 to 250 mgm of 
lead were introduced info Uic trachea as n suspension of finely divided lead 
carbonate in physiological sail solution In some cases this insufflation 




TABLE IS 

Collected distribution figures for ten animals poisoned by gastro-intestinal route 
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•n as accomplished bj means of a synnge and a small tube mtroduced through 
the mouth and nearly to the bifurcation of the trachea, and m others through 
a needle inserted m the ivall of the exposed trachea No attempt rvas made 
to feed the animals but fluid ivas introduced daily by mtrapentoneal injec- 
tions of physiological salt solution That absorption continued until 
death ivas demonstrated by the presence of unabsorbed lead carbonate m 
the lungs at autopsy 

Group C Subculancous alsorplton In this senes of experiments ap- 
proxunately 220 mgm of lead as carbonate was mtroduced under the skin 
of the back The remainder of this injection which was unabsorbed after 
death provided evidence that absorption had been contmuous until the 
animals were killed 

Figures IS, 16 and 17 show diagrammatically the dislnbution of 
lead typical for Groups A, B, and C, respectively The analytical 
data for several animals of eacli type are presented m tables 15, 16 
and 17 

Superficially, the points of similanty in these pictures are (a) 
the high percentage of the total retained lead held in the skeleton, 
and (6) tlie relatively uniform order of concentration of lead in the 
soft tissues of the different groups (Traces of lead could as a rule 
be detected by the microchemical test in the tissues not shown in 
the diagram of the animals of Groups B and C ) The most obvious 
differences, on the other hand, are (a) tlie markedly lugher concen- 
trations of lead in the hver and washed gastro-intestinal tract of 
the animals of Group A, and (6) the larger amounts of lead in the 
tissues of Group B after an absoiption penod of hours as contrasted 
with the quantities retained by Groups A and C after days or U'ceks 
of absorption 

From a closer study it becomes apparent that in every case, dis- 
regarding for tlie moment Uie lead in the hver, the same disposal 
is made of lead which reaches the general arculation The most 
striking feature of this distnbuUon appears at once to be the great 
affinity between lead and bone The other tissues, in contrast, 
retain only such small amounts of lead as might be found in any 
Ussue receiving a supply of blood in whicli lead w as transported In 
general tlie rclaUve concentration of lead m the soft tissues is m direct 
ratio to their vasculanty' 
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normal 450 cc Ringer solution intrapcritoneally 
0 0 Lungs fairly normal 150 cc Ringer solution intrapen- 
toncally 

0 0 Pneumonia developed on last day, 550 cc Ringer solution 
intrapcritoneally 
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■WHieii the liver is included in the picture, however, a marked dis- 
crepancy IS apparent between the percentages of lead retained by 
this organ in the different groups of expenments This can be readily 
explained by a consideration of the different points at which lead 
may enter the circulating blood when administered in different ways 
Lead absorbed in the gastro-intestinal tract is ffxst earned in the 
portal blood to the liver, which, as is well knovn, removes foreign 
or toxic matenals from the blood stream The high efficiency of 
the liver in removing lead from the portal blood explams the retention 
of so much lead in this organ A large percentage of this absorbed 
lead is gradually excreted in the bile (see work by Brady, section VII, 
page 78) This mechanism accounts for both the small amount of 
lead within the rest of the orgamsm and the late appearance of toxic 


TABLE 11 

Disinbulion oj lead m cals after lead ahsor pit on front subcuianeoiis itsstie 



DURA- 

U'ErGKT OF 1 
AMMAL 

WAB- 
SORBED i 
LEAD 
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TOTAL 1 
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PERCENTAGE DISTRtBDTION OP TOTAL LEAD 
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tract j 



OF ' 
EXPERT- 
ilEM : 
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start j 

At 

death 1 

Skele- 

ton 

Muscle 

Liver 

Kidney ; 

Brain 

and 

cord 


days 

ksm 
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wgw 

f>er cent 


per cent 

percent 



A 

132 

2 7 

3 3 


25 72 

86 7 


6 6 

1 0 7 



B 

149 

3 3 

4 0 

157 99 

29 20 

99 4 

: 0 0 

0 0 

j 0 6 

[ 0 0 

i 0 0 


symptoms following gastro-intestinal absorption A small quantity 
of lead does, however, escape retention by the hver and become 
distnbuted throughout the orgamsm by the general circulation 
Lead absorbed from the respiratory tract or from subcutaneous 
tissue, on tlie other hand, enters the systemic blood directly Under 
these conditions the hver receives only the lead carried in the hepatic 
artery and consequently can retain only an insignificant portion of 
the total quantity of lead absorbed Although ail tiie tissues are 
bathed witli lead wlule it is bemg transported, the only one to pick 
up and retain permanently any significant amount is the skeleton 
Effect of time on the distribnhon of lead Obviously the next prob- 
lem to be solved was -whether in more chronic cases there is a more 
marked localization of lead m the bone Figure 18 which shows dia- 
grammatically the percentage distribution m an ammal wdiich re- 
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ceived lead by moutb for a relaUvely long tune, demonstrates that 
both the actual amount and the percentage of total lead retamed m 
the skeleton are larger than m shorter expenments Since the actual 
quantities of lead in the other tissues change very little as the expen- 
ment progresses, they of course become an ever decreasing per- 
centage of the total amount of lead within the body 



Tig 18 Diaormoiatic REPRnsrNTAxioK ot toe Distkibutioh Concentrations 
or Lead in toe Tissues or Cat J 

See table 15 Alter 99 dal's of lead absorption bj gastro intestinal tract Solid 
black portions represent percentages of total lead in bodj Cross hatched portions 
represent milligrams of lead per 100 grams of fresh tissue 

To test whether lead may be completely localized m the bones after the 
Cessation of absorption, cals were severely poisoned by lead administered 
by mouth Just before death seemed imminent the feedmg was dis- 
continued and the animals were fed on a normal diet until they gradually 
recovered Several weeks after the last dose of lead, when the animals 
were apparently m perfect health, they were killed and tlicir tissues ana- 
lyzed The localization of had m the skeleton -was found to be almost 
complete (fig 19) 

Thus It IS apparent tliat, from the first, the concentration of lead 
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in the skeleton progressively increases, while the other tissues do not 
retain the lead which they receive. Hence, after absorption has 
ceased, significant amounts of lead are to be found only in an ap- 
parently harmless deposit in the bones 
Stte of lead storage in the skeleton. Association of the storage of 
large amounts of lead in the skeleton and the frequent occurrence of 
marked anemia in chronic plumbism at first suggests that the lead 



Fig 19 Diagkmimatic Reppesentation of the Distribution and Concentrations 
or Lead in the Tissues of Cats L an-d M Kjxled Several Months after the 
Last Dose of Lead by Mouth 


Solid black portions represent percentages of total lead in body Cross-hatched 
portions represent milligrams of lead per 100 grams of fresh tissue 

Cat L Killed 82 days after last dose of lead Total lead m body 20 53 mgm 
Cat M Killed 160 days after last dose of lead Total lead in body 97 29 mgm 


by collecting in the bone marrow may interfere with the normal 
formation of red cells Animal studies have shown, however, that 
this does not occur Separate analyses of the solid shafts of bone 
and the marrow have shown that the marrow contains only traces 
of lead comparable to those in the other soft tissues, and the high 
concentration is to be found only m the solid portion of the bones 
Furthermore, the detection of high concentrations of lead in the 
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pneumaUc marrowless bones of the wings of poisoned hens furnishes 
additional evidence that the marrow pla>s no essential r61e in the 
retenUon of lead by the bones Prdvost and Binet (368) suggested 
without conclusive experimental proof, and Fairhall and Shaw (129) 
have recently demonstrated m this laboratory (section IV) that lead 
exists m die bones as the tertiary phosphate which is extremely 
insoluble and stable at the ordinarj' hydrogen ion concentration of 
the body Prelnnmary histological study of tlie bones after absorp- 
tion of lead by the orgamsm has demonstrated that lead is usually 
deposited m the endosteum and occasionally near the capillary 
walls 

Discussion This experimental study of the distabution of lead 
has clanfied several pomts m our general conception of the fate of 
lead mtlun tlie orgamsm When lead is absorbed into the general 
circulation it is brought into contact with every tissue m the body 
There is, however, no marked retention of lead except by the skele- 
ton which paradoxically enough is the tissue apparently least harmed 
by this toxic agent In other words, lead is not stored at the site of 
injury This fact does not, however, imply that there is an absence 
of clicmical affimty between the soft tissues and lead, but rather 
that lead compounds which are formed by mteraction with these 
tissues arc not retained The lead, therefore, encounters the various 
tissues, reacts with them if the proper physiological conditions exist, 
causing more or less damage, and is then not returned but eventually 
removed and earned on in the blood stream This course of events 
may conceivably be repeated until the lead reaches either some site 
of excretion or the skeleton Under normal conditions, a v'ery m- 
soluble lead compound— -the tertiarj phosphate— is formed in the 
bony tissue Since this salt is retained as a skeletal deposit, the 
bones gradually remove lead from the arculabng blood Tlie two 
processes of storage and excretion wluch take place dunng the ab- 
sorphon of lead continue after absorption has ceased until practically 
all the lead in the body is held by the skeleton Wliile this state of 
affairs exists, the stored lead is apparently harmless, symptoms of 
plumbism disappear, and the subjects present no evidence whatever 
of the presence of lead within their tissues At this point, however, 
the old theory of Gusserow (182) comes to mind with tlie disquieting 
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in the skeleton progressively increases, while the other tissues do not 
retain the lead wlrich they receive. Hence, after absorption has 
ceased, significant amounts of lead are to be found only in an ap- 
parently harmless deposit in the bones. 

Stte of lead storage in the skeleton. Association of the storage of 
large amounts of lead in the skeleton and the frequent occurrence of 
marked anemia in chronic plumbism at first suggests that the lead 



Fig 19 Diagkammatic Representation oe the Distribution and Concentrations 
OP Lead in the Tissues of Cats L and M Killed Seaeral Months after the 
Last Dose of Lead by Mouth 

Solid black portions represent percentages of total lead m body Cross-hatched 
portions represent milhgrams of lead per 100 grams of fresh tissue 

Cat L Killed 82 da>s after last dose of lead Total lead m body 20 53 mgm 
Cat M Killed 160 days after last dose of lead Total lead in body 97 29 mgm 

by collecting in the bone marrow may interfere with the normal 
formation of red cells Annual studies have shown, however, that 
this does not occur Separate analyses of the solid shafts of bone 
and the marrow have shown that the marrow contams only traces 
of lead comparable to those m the other soft tissues, and the high 
concentration is to be found only m the solid portion of the bones. 
Furthermore, the detection of high concentrations of lead in the 
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pneumatic marrowless bones of the wings of poisoned hens furnishes 
additional evidence that the marrow plays no essential r61e in the 
retenhon of lead by the bones Prevost and Bmet (368) suggested 
without conclusive expenmental proof, and Fairhall and Shaw (129) 
have recently demonstrated m this laboratory (section TV) that lead 
exists in tlie bones as the tertiary phosphate which is extremely 
msoluble and stable at the ordinary hydrogen ion concentration of 
the body Prelimmary histological study of the bones after absorp- 
tion of lead by the organism has demonstrated that lead is usually 
deposited in the endosteum and occasionally near the capillary 
walls 

Discussion This expenmental study of the distnbution of lead 
has clanfied several points m our general conception of the fate of 
lead within the organism When lead is absorbed into tlie general 
circulation it is brought into contact with every tissue in the bodj' 
There is, however, no marked retention of lead except by the skele- 
ton which paradoxically enough is the tissue apparently least harmed 
by this toxic agent In other words, lead is not stored at tlie site of 
injury This fact does not, however, imply that there is an absence 
of chemical affimty between the soft tissues and lead, but ratlier 
that lead compounds whicli are formed by mteraction wnth tliese 
tissues are not retained The lead, therefore, encounters the vanous 
tissues, reacts with them if the proper physiological conditions exist, 
causing more or less damage, and is then not retained but eventually 
removed and earned on in the blood stream This course of events 
may conceivably be repeated until the lead reaches eitlier some site 
of excretion or the skeleton Under normal conditions, a very in- 
soluble lead compound — the tertiary phosphate — is formed in the 
bony tissue Since this salt is retained as a skeletal deposit, the 
bones gradually remove lead from the circulating blood The tw'o 
processes of storage and excretion which take place dunng the ab- 
sorption of lead continue after absorption has ceased until practically 
all the lead in the body is held by tlie skeleton TOule this state of 
affairs exists, the stored lead is apparently harmless, symptoms of 
plumbism disappear, and the subjects present no e\ndence whatever 
of the presence of lead within their tissues At this pomt, however, 
the old theory of Gusscrow (182) comes to mind with the disquieting 
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suggestion that this desirable condition may not be permanent He 
advanced no proof for this but recent chemical evidence (sections IV 
and IX) substantiates the possibUitj’- that the skeletal deposit may be 
released, for a slight change toward either the aad or alkahne side of 
the usual hydrogen ion concentration of the organism can readily 
reduce the stability of the tertiary phosphate It is quite con- 
ceivable that abnormalities of diet or certam pathological conditions 
might bring about such changes Although this problem will be 
discussed in detail later (section IX) it is desirable now to mention 
(a) that the deposit of lead retamed after the absorption of a lead 
salt is known to be rather unstable chemically, and (b) that this 
deposit is held within the body where its release would involve the 
danger of flooding the orgamsm with soluble lead 

The distribution of lead in the human body during lead poison- 
ing. Analytical studies. These general conceptions may be applied 
with interest to the chemical results from human autopsies in cases 
representing different types and stages of plumbism Thus far it 
has been possible to examme in this laboratory for diagnostic pur- 
poses the tissues from seven necropsies In these few investigations 
we have obtained cases typical of different types of exposure to lead 
and representing various stages of absorption The analytical data 
are collected in table 18 merely to save space. The group should 
not be studied as a whole for each individual distribution picture 
and its case history should be considered separately. For complete 
histories reference must be made to our origmal report (309). Only 
the following brief summaries of the cases "will be included here 

Case I. A mentally defective child with a perverted appetite gnawed 
the paint from her bed for several weeks Gradually severe lead poisoning 
developed The symptoms were marked constipation, vomiting, loss of 
appetite, lead line, marked anemia and stipphng of red cells, increasing 
w'eakness, tremor, drowsiness, and finally convulsions which developed and 
were continuous the day before death The presence of acetone and diace- 
tic acid in the urine indicated a condition of acidosis which was further 
evidenced by the rather marked odor of acetone in the tissues at autopsy. 

Case II. A man aged forty-two had been exposed to lead smce a small 
child v/hen he w'atched his father spray trees with arsenate of lead For 



TABLE 18 

The dtsirtbuUon of tend in human itss les 
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•Cone » mgriL of lead per 100 gm of fresh tissue 

t Total ** mgra of lead m whole organ In many cases this figure is only approximate 
{ Medulla analyzed with cerebellum 
§ Calculated for entire bnm 
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twenty-seven years he worked in the forestry department himself, usmg 
lead arsenate as a spray, and during each spra3rmg season had severe colic. 
Double wrist drop had persisted for twelve years in spite of treatment, and 
durmg the last three years there was difficulty in walking. After a month’s 
illness death was caused by pneumoma in mid-winter several months after 
the last exposure to lead He had a positive Wassermann reaction 

Case III. A man twenty-five years old had never been exposed to lead 
before working in the mixing room of a rubber company for the seven 
months preceding death This room was very durty and the workmen 
were exposed to much dust contaming lead compounds Marked consti- 
pation, lead hne, abdommal pams, and occasional attacks of dizziness 
appeared dunng the last five months of life while the man was employed 
at this trade Nine days before admission to the hospital his left eye sud- 
denly became bhnd and the left arm and leg were paralyzed. This condi- 
tion was only temporary and the patient contmued to work until nme days 
later when he fell to the floor and became very violent withm a few minutes 
He was at once taken to a psychopathic hospital Clonic convulsions 
contmued until he died two days later 

Cose IV. A man aged sixty who had been a painter for six years was 
killed while at work by a fall He had always been weU and there had been 
no symptoms of plumbism. 

Case V. A janitor sixty-three years old who had frequently done paint- 
ing died after an illness of ten weeks, which was diagnosed as coronary 
thrombosis and auricular flutter There were no signs or symptoms of lead 
poisoning but the case was studied on account of the history of exposure 
to lead. 

Case VI A man of fifty-one had been a stereotjqier for twenty-five 
years. This necessitated working in a small room over vats of molten 
metal (lead, antimony, and tm) from which fumes rose constantly. Loss of 
appetite, constipation and loss of weight were noted during the last nine 
months of life, but these symptoms were probably not due to lead The 
blood showed no anenua or stipphng Death was due to an erodmg car- 
cmoma of the esophagus which finally produced tivo sinuses, one leading into 
the trachea and the other into the left lung 

Case VII A man aged fifty-three years had been a paint mixer for 
fifteen years His health had been good until about nme months before 
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death Such symptoms indicative of lead poisonmg as abdominal cramps, 
pallor, lead hne and a rapid loss of weight were then noted but were not 
severe The blood was mariedly anemic, suggestive of a primary type, 
and no sUpplmg of red cells could be seen Death was due probably to 
pernicious anemia 

Discussion Correlation of these analytical data and the clinical 
Vttstoncs demonstrates that events follow the same course in both 
man and animals after the absorpUon of lead The distnbuUon 
of lead in Case I is quite sumlar to that in animals when lead has been 
admimstered by mouth until shortly before death, and the chmeal 
history furnishes evidence of a smiilar type of eaposure The high 
concentration of lead present in the hver is a sign that in man as m 
anmials much of the lead earned in the portal blood is removed and 
retained by this organ Of the lead which escapes the hver and 
enters the general arculation, a high percentage is retained by the 
skeleton MTule absorption contmues, however, lead is also present 
in the blood stream and in all the tissues of the body In Cases II 
and III the lead was also well distributed throughout the orgamsm 
In Case II there had been no exposure to lead for about sue months 
—a fact corroborated by the absence of any accumulation of lead 
m lungs or hver Probably, therefore, the acute infection — pneu- 
moma — and the inability to take adequate food durmg the period 
of illness had mobilized from the skeletal store the small amounts 
of lead which were distnbuted throughout the orgamsm In Case 
in, on the contrary, tlie relatively hi^ concentration of lead in the 
lungs ns compared witli that in the hver indicates that absorption 
through the respiratory tract was active at tlie time of death Fur- 
ther evidence of this is offered by the general distribution of lead m 
the tissues and by the high concentration in the blood The truth 
of these deductions is borne out by the history of recent work at 
a very' dusty trade Case IV is chiefly interesting because it probably 
portray s conditions typically found in lead w orkers vvathout symptoms 
of plumbism The cluef features of this case are the storage of con- 
siderable quantities of lead in tlie bones, the ratlier lugh concentra- 
tion of lead in the liver, indicative of conUiiued gastro-intcstmal 
absorption, and the presence of lead m the kidney and central ner- 
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vous system— a sign that the process of transportation of lead was 
active despite the absence of symptoms 
In Cases VI and VII, on the otlier hand, the lead was enbrely 
localized in tlie skeleton Here ahsorpUon had not taken place for 
some time and apparently the stored lead had not been mobilized 
The distribution of lead in such cases is completely analogous to that 
m animals which have been killed long after es.posure, sigmficant 
quantities of lead are to be found only in tlie skeleton 
A few determinations of isolated tissues and fluids from cases of 
plumbism have been made and seem of suffiaent mterest to mclude 
(see table 19) A concentration of lead similar to that found m the 
rest of the bony tissue is present in teeth and suggests a possible way 
of proving previous lead absorption Though lead was frequently 
detected in hair, there was no great concentration to indicate a speaal 
localization of lead in this tissue as suggested by Meillcre (292) 
Medico-le^al significance of analytical findings Smee the additional 
evidence furnished by the chenucal analysis of tissues is frequently 
requured to settle medico-legal questions ansing in cases of plumbism, 
it IS of interest to consider what conclusions may justifiably be drawn 
from the different types of distribution pictures When lead 
appears evclusively m the bone it must have been absorbed at some 
previous tunc, but mere storage m the skeleton is no evidence that 
lead was involved as a cause of dcatli Similarly, if lead is present 
only in the gastro intestinal tract or its contents, it may merely have 
been swallowed and not absorbed On the other hand, the presence 
of lead in the unne or in a majonty of the tissues is a sign of active 
transportation of lead by the blood stream This is evidence of 
citlier recent absorption or mobilization of stored lead from the bones 
In cither case danger of tlie exposure of the tissues to soluble lead is 
obvious, and lead may tlicn nghtfully be considered at least a com- 
plicating factor in the pathological picture 
Summary and conclusions Studies of the distnbution of lead in 
the tissues of man and anmials during plumbism show the same 
general course of events Early in lead absorption differences in 
distnbution are found dependent upon the route 1^ which lead has 
entered tlie organism Following absorption from the gastro- 
intestinal tract, the liver contains a relativ eh hign concentration of 
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lead due to a retention of this toxic substance which it removes from 
the portal blood. From the lung or subcutaneous tissue, on the 
contrary, lead enters the general circulation and, hence, only a small 
portion of it is carried directly to the liver Once in the general 
circulation the lead is distnbuted throughout the orgamsm Smce 
the skeleton is the only tissue to retain permanently any significant 
amount of lead an ever increasing percentage of the total absorbed 
lead comes to be stored in the bones After absorption has ceased, 
this selective localization of lead becomes practically complete. 
While stored in such a deposit the lead is app^ently harmless, since 
the symptoms of plumbism are noted only when lead is generally 
distributed throughout the orgamsm, as a result either of recent 
absorption from an external source, or of mobihzation of a skeletal 
store. 


vn. EXCRETION OF LEAD 

After absorption into the general circulation, lead is either stored 
in the skeleton or eliminated from the organism by excretion To 
complete our knowledge of the course which lead follows from the time 
it is absorbed until it finally leaves the body, it remains to consider the 
various excretory routes and to study the factors controlling elimina- 
tion and storage Of the three paths of excretion — the alimentary 
canal, the kidney, and the skin — that first recognized was the gastro- 
intestinal tract Although the very early treatment of lead poisoning 
by drastic purging seems to imply a knowledge of the excretion of lead 
in the feces, accurate information could not be obtained until methods 
of chemical analysis were devised As early as 1839 Devergie (96), in 
collaboration mth Tanquerel des Planches (453), defimtely detected 
lead in the tissues and contents of the gastro-mtestinal tract and 
also in the kidneys and bladder of individuals suffering from lead 
poisoning Since that time analysis of the excreta has frequently 
accompanied investigations of other phases of chrom'c plumbism. F or 
the sake of clarity each of the paths of excretion will be discussed 
separately here 

Excretion by the gastro-intestinal tract. In spite of the early 
recogmtion of the gastro-intestinal tract as an important path for the 
elimination of lead from the organism, there are still many features 
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of the mechanism which are but little understood Ever since 
Tanquerel’s tune there has been no doubt that lead is elimi- 
nated in the feces, and detailed information about the compara- 
tive activity of vanous parts of the gastro-intestmal tract and 
the exact process of excretion has gradually accumulated, until 
there is a general behef that the entire alimentary tract excretes 
as well as absorbs lead (293) (39) Blum (39) considered the lead 
hne a sign of excretion in the saliva, Pouchet’s (365) experimental 
observation that lead is present in the saliva of patients with chrome 
plumbism, even after exposure has ceased, has not been confirmed in 
this laboratory in a patient undergoing treatment for chrome lead 
poisomng Renon (382) found lead in the salivary glands of experi- 
mentally poisoned ammals That lead should appear in the sahva 
or salivary glands while it is being transported m the blood is not 
surpnsing, although excretion by this path would be rendered quite 
ineffective by re-absorption of the lead in other parts of the tract 

No conclusive data regarding the rate of the excretion of lead in 
different portions of the gastro intestinal tract are available because 
of the difficulty of obtaimng such information m an intoxication as 
slow as chrome plumbism As a natural result of the early observa- 
tion that following lead ingestion relatively large quantities of lead 
are picked up and held by the liver, excretion in the bile has received 
much more attention than elimination by any other route 

Tanquerel’s (453) attempts to demonstrate the presence of lead m bile 
were inconclusive Although Hermann (209) (1874) really onl) assumed 
that lead IS excreted in the bile after detecting it in both the liver and the 
small intcslme, he is gcncrallj credited with having furnished final proof 
The first real expenmental work on the subject was contributed by Annuschat 
(9) (1877) He fed lead to rabbits vnth biliarj fistulac, and found consider- 
able quantities of lead in the bile m acute stages of poisoning, m the more 
chronic stages little or none, although the liv er contained comparatively 
large amounts Lehmann (257), on the other hand, m the controversy 
with Annuschat found that during the chronic poisomng following sub 
cutaneous injection, the concentration of lead in the bile was higlier than 
that in die liver, and he bebeved that the liver collects the lead to be 
poured out in the bile Lavrand (248) (1886) likewise behoved that bilt 
is the main path of excretion for lead Harnack (200) in 1897 contributed 
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the information that the proportion of lead excreted in the bile depends 
upon the portal by which it enters the body— that it is greatest following 
gastro-intestinal absorption Several more recent mvestigators have 
repeated these obser\'ations without adding any really new information 
(293) (252) Siccardi and Roncato (428) in 1912 attempted to explain the 
mechanism involved in excretion of lead by the hver by a suggestion which 
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mvolved impossible chermcal reactions According to them, lead is brought 
to tlie hver by leucocytes, detoxicated by the Rupfer cells which reduce it 
to the metalhc state, and in this form is excreted m the bile 

In a series of unpubhshed experiments, Brady and others in this labora- 
torv’’ have studied the biliary excretion m rabbits following administration 
of a comparatively large smgle dose of lead either mtravenously or by mouth 
The bUe duct was cannulated, the bde collected for several hours, and its 
lead content determined From tliese data the average hourly excretion of 
lead could be calculated (see table 20) Since the bile duct was cannulated 
before injection, detection of lead in the gastro-mtestinal tract indicated 
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that there was simultaneous independent cTcretion m the bile and by the 
gaslro-intestinal tract In comparing the amounts of lead excreted by these 
two patlis (see table 20) it must be borne m mind that the lead in tlie 
stomach and in the inteslmes uas excreted dunng the entire interval 
between the injection of lead and death, while the specimen of bde exam- 
ined was generally collected dunng a much shorter period The average 
rate of excretion of lead in the bile of these animals, 0 23 mgm per hour, is 
undoubtedlv higher than in more chronic cases since the larger single dose 
acutcl} flooded the organism just before the specimens were collected 
But the data serve (a) to confirm the earlier reports of an excretion of lead 
in the bile, and (i) to demonstrate an independent excretion of lead in the 
stomach and intestines 

Our information regarding the excretion of lead by the gastro- 
intestinal tract as a whole may be summarized as follows (a) The 
entire alimentary canal probablj excretes lead, (J) the bile is an im- 
portant factor 111 this excretion, especially following gastro-intestinal 
absorption, (c) the gastro intestinal tract is generallj considered the 
chief route by which lead is excreted 

Excretion of lead by the kidney The unreliability of the methods 
of chemical analysis employed, and the fact that different types and 
stages of plumbism w ere studied, undoubtedly account for the variety 
of opinion among earlier investigators regarding the excretion of 
lead by the kidney 

For instance, Tanqucrcl (453) failed to find lead in the urine, while Mcl- 
sens (297) somewhat later demonstrated its presence Lavrand (248) 
m 18S6 reported that lead was to be found in the urine of patients with 
plumbism only after medication Murgia (323), on the other hand, in 1912 
states that tlie appearance of lead m the urine is the earliest and most con- 
stant sign of lead poisoning Among the more modem authorities, Legge 
and Goadby (252), Oliver (337), and Mcillere (293) agree that the urine in 
cases of chrome plumbism frcqucnll> contains lead, but that the kidney 
excretes far less than does tlie gastro-mtesunal tract 

Two groups of experiments have been carried out in this Laborator> to 
furnish further correlation between the urinary and fecal excretion of lead 
First, a few single determinations of the daily excretion m cats by these tw o 
routes were made in order to determine Ihcir relativ e importance followang 
tlio entrance of lead into tlie organism by various portals Tlie figures. 
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collected in table 21, agree with the reports of earlier investigators As 
would be expected, large quantities of lead were excreted in the feces after 
administration by mouth. 

As Oliver (337) (page 161), Legge and Goadby (252) (page 19), 
and others have pointed out, however, probably only a small per- 
centage of this apparently excreted lead had been absorbed, and the 
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remainder had merely passed unchanged through the gastro-intestinal 
tract Moreover, much of the lead absorbed was probably removed 
from the portal blood by the liver and excreted without ever reaching 
the general circulation Thus, lead in the feces following the ingestion 
of lead compounds is no real index of the amoimt of lead actually 
entering the organism, but the small amounts of lead occasionally 
found in the urine indicate that lead is being transported in the blood 
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Stream WTien all the lead absorbed enters the general circulation 
directly— a condition which can be produced expenmentally by sub- 
cutaneous injection of lead— e-rcretion is much more gradual Several 
factors explain this difference (a) The fact that unabsorbed lead 
cannot be excreted from a subcutaneous deposit, (6) the slower en- 
trance of lead into the blood stream, and (c) the tendency of the 
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skeleton to remove and retain circulating lead Although there is 
not onlj an absolute but also a relative decrease in the quantity of 
lead excreted in the feces after subcutaneous injection, the rate of 
excretion bj this route is generally greater than that by the kidney 
To furnish comparative data on elimination of lead in urine and feces, 
observations made on patients with chronic plumbism proved more 
satisfactory than those on animals The subjects were under obser- 
vation m a hospital and analyses were not made until they had been 
removed from exposure to lead for some time Tor chemical analysis, 
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the urine and feces were collected separately in three-day penods 
marked by the administration of carmine The results presented in 
table 22 show that there is no defimte quantitative ratio between 
urinary and fecal excretion Much more lead is eliminated by the 
gastro-intestinal tract than by the kidney, although in six of the 
periods included m the averages shown in table 22, small amounts of 
lead appeared in the urine when none could be detected in the feces 
This is unusual, however, and in these observations the average ratio 
between the amounts excreted in urine and feces is 1 2 5 More 
striking and significant, however, is the regularity of the urinary 
excretion, which never becomes great yet was negative in only 
5 of the 48 penods studied Thus the extreme ranges of unnary 
excretion for three-day periods in all the cases studied were from 
0 to 0 96 mgm of Pb, while the corresponding elimination in the 
feces varied from 0 to 2 05 mgm The averages as presented in 
table 22 naturally vary much less — from 0 12 to 0 78 mgm of Pb 
in urine, and from 0 06 to 1 86 mgm in feces Obviously the excre- 
tion of large amounts of lead must be accomplished by the gastro- 
mtestinal tract, and therefore the greater the total output of lead the 
greater becomes the disproportion between the quantities of lead 
ehmmated in urine and feces 

This simple observation that the amount of lead which the kidney 
can excrete is distinctly small, while that which the gastro-intestinal 
tract can ehminate is unhmited, probably depends upon very funda- 
mental factors of excretion An analogy certainly seems to exist 
between the excretion of lead and calcium It has frequently been 
observ'ed that a high phosphate diet tends to increase the proportion 
of calcium excreted in the feces, while the ingestion of hydrochlonc 
acid, on the contrary, increases the urinary output Although the 
reasons for this have not been clearly worked out, a possible explana- 
tion may be found in the relative solubility of the compounds formed 
Thus calcium chlonde, a soluble salt, appears m the unne, while cal- 
cium phosphate, which is vety insoluble, is excreted almost entirely by 
the intestine As has been shown in section IV, lead exists and is 
transported in the orgamsm cliiefly in the form of highly dispersed col- 
loidal lead phosphate, which is very msoluble The amounts of this 
which may be dissolved are small and vary ^vlth the hydrogen ion 
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concentration in the organism The fact that the aadity is always 
very low may possibly explain the limited excretion of lead in urine 
Excretion of lead by the skin The observ'ation that the skm of 
patients suffering from plumbism can be darkened by exposure to 
hydrogen sulphide gas has been considered by some investigators as 
evidence of cutaneous absorption of lead, and by others as proof of 
cutaneous excretion Du Moulin’s early work was verified bj Lav- 
rand (248) who earned out extensive studies showing that much of the 
coloration produced by exposure to hydrogen sulphide is due to the 
formation of non and not lead sulphide Furthermore, Lavrand found 
that as time elapsed after exposure, the degree of coloration gradually 
became less — an indication that the lead present soon after exposure 
is merely contamination and has not been excreted The same 
cntiasm may probably also be applied to Oliver’s (337, page 1 IS) ob- 
servation that lead can be detected in perspiration, and likewise to 
the findings which led MciUere to believe that lead is excreted not by 
but lo the skin, hair, and other kcratmous tissue where it is stored in 
some harmless chemical combination (292) The figures already 
presented in chapter VI which show the absence of any accumulation 
of lead in the hair or skin are evidence against this idea of an “internal 
excretion’’ of lead to the keratinous tissue 
Summary The more important points regarding the excretion of 
lead are that 

Lead is excreted by the entire gastro-mtestmal tract, in the bile, by 
the kidney, and possibly also to a slight extent by the skin 
By far the greatest proportion of lead is excreted in the feces, though 
small amounts are usually eliminated simultaneous!) by the kidney 
The small amounts of lead in unne are of much greater clinical and 
diagnostic significance, for if lead is being ingested it is impossible to 
determine whether the lead m the feces has been absorbed or has 
merely passed unchanged through tlie alimentary canal 

VJII FACTORS INFLUENCING THE RATE OF LEAD EXCRETION 
IN ANIMALS 

After absorption has ceased, tlit rate at which lead can be exacted 
from the organism depends cliiefly upon the stability of the skeletal 
store Since both lead and calaum are held in the bod> at a 
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common site and the chemical behavior of some of their salts in vitro 
is very similar, it seems quite probable that the same physiological 
conditions might favor the liberation or retention of both A re- 
view of information regardmg the chief factors which influence 
calcium metabolism furnishes many suggestions about a possible 
control of lead storage 

Calcium excretion Many different physiological and pathological factors 
influence the calcium economy of the organism Most obvious of these m 
determining whether calcium shall be drawn from or added to the skeletal 
store is diet Not only the relation of the actual calcium intake (420) 
(346) (112) (160) (169) (354) to the reqmrements of the body, but also 
the vitamine content (202) (426) (423) (424) (211) (170) (220) and the acid 
or basic nature of the food (41) (33) (161) (134) play an important part 
Perhaps even more potent and fundamental changes are produced withm 
the orgamsm by such conditions as (a) aadosis, whether due to excessive 
fatigue, incomplete oxidation of inorgamc acids, or acute infection (436) 
(397) (186) (329) (498), (b) pregnancy and the fetal demands upon the 
calcium reserve (436) (42) (97) (98), (c) lactation, which involves a pro- 
longed loss of calcium (146) (150) (291) (436) (97), and (d) variations of 
endocrine activity (27) (180) (44) Medication also has a profound mflu- 
ence upon calcium metabohsm, and smce the changes which it produces 
may be expenmentally controlled, it provides a practical means of study- 
ing the stabihty of the lead stored in the orgamsm The types of such 
medication which have been most studied fall roughly into groups (a) 
calcium salts, {b) antagonistic cations such as magnesium, potassium, and 
sodium, and (c) acids and alkahes In addition to these, sunhght has been 
found to produce marked effects 

The admmistration of calcium salts does not invariably change the 
calcium balance toward the positive side as imght be expected Berg (33) 
found that ingested calcium phosphate adds nothing to the calcium store 
since it is merely excreted unchanged in the feces, and this is in accord 
with the observ'ations of fitienne (123) and Bonnamour, Sarvonat el al (44), 
who showed that prolonged administration of calcium chloride causes 
marked decalcification followmg a shght transient retention This dram 
upon skeletal calcium was shoira by fitienne to be so severe that deformities 
resembhng osteomalacia developed in his experimental animals Berg 
behewd that any morganic amon aids such depletion of the calcium store 
and adwsed admmistration of calcium lactate or bicarbonate to induce a 
retention Steenbock, Hart ei al (437), however, found that the addition 
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of calcmm lactate, carbonate, chloride, silicate or phosphate to diets ade- 
quate in all respects except for their calcium content, maintained normal 
growth in rats The decalcifying effect of magnesium, sodium, and potas- 
sium salts depends upon the fact that the organism tends to maintain a 
pormal ratio between the concentrations of these various salts in the body 
fluids Thus, if one 15 present in excess, the ratio is restored by calling upon 
the reserves of the others Among the salts which have been used to pro- 
duce decalafication in this way are sodium chloride (333) (207), potassium 
iodide (134), magnesium chlonde and citrate (41), and magnesium oxalate 
(117) As Berg suggested, part of the efficiency of some of these may be 
due to the action of inorganic amons, but the antagonistic cations also seem 
to play a part. 

The chemical reasons for the administration of acid to liberate stored 
calcium are obvious The solvent action of many acids has been tested 
and the most effective have proved to be those which are non-toxic and 
cannot be readily burned in the organism but must be neutralized by the 
bases present Of the mineral acids, hydrochlonc (438) (159) (163) (174) 
and phosphoric (ingested either as such or as the acid phosphate) produce 
marked decalcification (33) Organic aads arc much less useful Sar- 
vonat and Roubicr (395) experimented upon anmials with oxahe aad and 
others have frequently used the less toxic and much less effectiv e lactic and 
citnc acids (134) That admimstration of alkahes would produce an effect 
quite contrary to that of acids, i e , would favor retention of calaum, is an 
apparently reasonable assumption Introduction of an alkah in the organ- 
ism, of course, helps neutrahze any aad present and so decreases the demand 
on the basic reserves But experiments demonstrate that when an excess 
of alkali in the form of sodium bicarbonate is introduced into a normal 
individual, tliere is a tendency toward calcium loss rather than retention 
(159) (396) The effect of sunhght on calaum metabolism is not under- 
stood but It is known that exposure to the sun’s rays favors storage of cal- 
cium in the bones of children Sunhght is therefore extensively used as a 
therapeutic agent in rickets (212) (425) 

Lead excretion This bnef survey suggests several logical methods 
of investigating the factors which control the store of lead within the 
skeleton The most practical of these involve variations of diet 
and medication watli aads and salts whicli liberate reserve stores 
of calcium Tliey should tlicoretically also prov e effective m mobiliz- 
ing lead which has been deposited in tlie bones Because of the 
warning frequently repeated in tlie literature that administration 



84 


AUB, FAIEHALL, IHNOT AND REZNIKOFF 


common site and the chemical behavior of some of their salts tn miro 
is very similar, it seems quite probable that the same physiological 
conditions might favor the liberation or retention of both A re- 
view of information regarding the chief factors which influence 
calcimn metabolism furnishes many suggestions about a possible 
control of lead storage. 

Calcium excretion Many different physiological and pathological factors 
influence the calcium economy of the organism Most obvious of these m 
determining whether calaum shall be drawn from or added to the skeletal 
store IS diet. Not only the relation of the actual calcium intake (420) 
(346) (112) (160) (169) (354) to the requirements of the body, but also 
the vitamine content (202) (426) (423) (424) (211) (170) (220) and the acid 
or basic nature of the food (41) (33) (161) (134) play an important part 
Perhaps even more potent and fundamental changes are produced within 
the orgamsm by such conditions as (a) acidosis, whether due to excessive 
fatigue, incomplete oxidation of inorgamc acids, or acute infection (436) 
(397) (186) (329) (498), (5) pregnancy and the fetal demands upon the 
calcium reserve (436) (42) (97) (98), (c) lactation, which mvolves a pro- 
longed loss of calcium (146) (150) (291) (436) (97), and id) vanations of 
endocrme activity (27) (180) (44) Medication also has a profound mflu- 
ence upon calcium metabolism, and smce the changes which it produces 
may be expenmentally controlled, it provides a practical means of study- 
ing the stability of the lead stored in the orgamsm. The types of such 
medication which have been most studied fall roughly into groups, (a) 
calcium salts, (5) antagonistic cations such as magnesium, potassium, and 
sodium, and (c) acids and alkahes In addition to these, sunlight has been 
found to produce marked effects. 

The administration of calcium salts does not invanably change the 
calcium balance toward the positive side as might be expected Berg (33) 
found that ingested calcium phosphate adds nothing to the calcium store 
since it is merely excreted unchanged in the feces, and this is in accord 
with the observations of jfitienne (123) and Bonnamour, Sarvonat ei a! (44), 
who showed that prolonged admmistration of calcium chlonde causes 
marked decalcification foUowmg a shght transient retention This dram 
upon skeletal calcium was shoivn by fitienne to be so severe that defonmties 
resembhng osteomalacia developed m his experimental animals Berg 
beheved that any morganic anion aids such depletion of the calcium store 
and advised admmistration of calcium lactate or bicarbonate to induce a 
retention Steenbock, Hart el al (437), however, found that the addition 



LKAD POISONING 


85 


of calaum lactate, carbonate, chloride, sihcate or phosphate to diets ade- 
quate in all respects except for their calcium content, maintained normal 
growth in rats The decalcifying effect of magnesium, sodium, and potas- 
sium salts depends upon the fact that the organism tends to maintain a 
pormal ratio between the concentrations of these various salts m the body 
fluids Thus, if one is present in excess, the ratio is restored by callmg upon 
the reserves of the others Among the salts which have been used to pro- 
duce decalafication in this way are sodium chloride (333) (207), potassium 
iodide (134), magnesium chlonde and citrate (41), and magnesium oxalate 
(117) As Berg suggested, part of the efficiency of some of these may be 
due to the action of inorganic anions, but the antagonistic cations also seem 
to play a part. 

The chemical reasons for the adimnistration of acid to liberate stored 
calcium are obvious The solvent action of many acids has been tested 
and the most effective have proved to be those which are non-toxic and 
cannot be readily burned in the organism but must be neutralized by the 
bases present Of the imneral acids, hydrochlonc (438) (1S9) (163) (174) 
and phosphoric (ingested cither as such or as the acid phosphate) produce 
marked decalcification (33) Organic acids are much less usefifl Sar- 
vonat and Roubier (395) experimented upon animals with oxalic acid and 
others have frequently used the less toxic and much less effective Lactic and 
citnc acids (134) Ihat admmistration of alkalies would produce an effect 
quite contrary to that of acids, i c , would favor retention of calcium, is an 
apparently reasonable assumption Introduction of an alkali in the organ- 
ism, of course, helps neutralize any aad present and so decreases the demand 
on the basic reserves But experiments demonstrate that when an excess 
of alkali m the form of sodium bicarbonate is mtroduced into a normal 
individual, there is a tendency toward calaum loss rather than retention 
(159) (396) The effect of sunhght on calcium metabolism is not under- 
stood but it IS known that exposure to the sun's rajs favors storage of cal- 
aum in tlie bones of children Sunhght is therefore extensively used as a 
therapeutic agent in rickets (212) (425) 

Lead excretion This brief survey suggests several logical methods 
of investigating the factors which control tlic store of lead within the 
skeleton The most practical of these inv’olve vanations of diet 
and medication watli acids and salts which liberate reserve stores 
of calaum They should thtoretically also prove effective in mobiliz- 
ing lead which has been deposited in the bones Because of tlie 
warning frequcntlj repeated in the literature that administration 
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common site and the chemical behavior of some of their salts in viiro 
is very similar, it seems quite probable that the same physiological 
conditions might favor the liberation or retention of both A re- 
view of information regarding the chief factors which influence 
calcium metabolism furnishes many suggestions about a possible 
control of lead storage 

Calcium excrelion Many different physiological and pathological factors 
influence the calcium economy of the organism Most obvious of these in 
determining whether calcium shall be drawn from or added to the skeletal 
store is diet Not only the relation of the actual calcium intake (420) 
(346) (112) (160) (169) (354) to the reqmrements of the body, but also 
the vitamine content (202) (426) (423) (424) (211) (170) (220) and the acid 
or basic nature of the food (41) (33) (161) (134) play an important part 
Perhaps even more potent and fundamental changes are produced within 
the orgamsm by such conditions as (a) acidosis, whether due to excessive 
fatigue, incomplete oxidation of inorganic acids, or acute infection (436) 
(397) (186) (329) (498), (fi) pregnancy and the fetal demands upon the 
calcium reserve (436) (42) (97) (98), (c) lactation, which involves a pro- 
longed loss of calcium (146) (150) (291) (436) (97), and (d) variations of 
endocrine activity (27) (180) (44) Medication also has a profound influ- 
ence upon calcium metabohsm, and since the changes which it produces 
may be experimentally controlled, it provides a practical means of study- 
mg the stabihty of the lead stored in the orgamsm The types of such 
medication which have been most studied fall roughly mto groups (a) 
calcium salts, (i) antagonistic cations such as magnesium, potassium, and 
sodium, and (c) acids and alkahes In addition to these, sunhght has been 
found to produce marked effects 

The admmistration of calcium salts does not invariably change the 
calcium balance toward the positive side as might be expected Berg (33) 
found that ingested calcium phosphate adds nothing to the calcium store 
smce It IS merely excreted imchanged in the feces, and this is in accord 
with the observations of fitienne (123) and Bonnamour, Sarvonat el al (44), 
who showed that prolonged admmistration of calcium chloride causes 
marked decalcification following a shght transient retention This dram 
upon skeletal calcium was shown by fitienne to be so severe that deformities 
resembhng osteomalacia developed in his experimental animals Berg 
believed that any inorganic anion aids such depletion of the calcium store 
and advised admmistration of calcium lactate or bicarbonate to mduce a 
retention Steenbock, Hart et al. (437), however, found that the addition 
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of calaum lactate, carbonate, chloride, silicate or phosphate to diets ade- 
quate wi all respects except for their calaum content, maintained normal 
growth m rats The decala^ang effect of magnesium, sodium, and potas- 
sium salts depends upon the fact that the organism tends to maintam a 
normal ratio between the concentrations of these various salts in the body 
fluids Thus, if one is present m excess, the ratio is restored by calling upon 
the reserves of the others Among the salts which have been used to pro- 
duce decalofication in this way are sodium chloride (333) (207), potassium 
iodide (134), magnesium chlonde and atrate (41), and magnesium oxalate 
(117) As Berg suggested, part of the eflSaency of some of these may be 
due to the action of inorganic anions, but the antagonistic cations also seem 
to play a part 

The chemical reasons for the adnunistration of acid to hberate stored 
calcium are obvious The solvent action of many aads has been tested 
and the most effective have proved to be those which are non-toxic and 
cannot be readily burned m the organism but must be neutralized by the 
bases present Of the mineral acids, hydrochlonc (438) (159) (163) (174) 
and phosphoric (ingested either as such or as the aad phosphate) produce 
marked decalcification (33) Organic aads are much less useful Sar- 
vonat and Roubier (395) experimented upon animals with oxahe acid and 
others have frequently used the less toxic and much less effective lactic and 
citnc acids (134) That adnunistration of alLahes would produce an effect 
qmte contrary to that of acids, i e , would favor retention of calaum, is an 
apparently reasonable assumption Introduction of an alkali in the organ- 
ism, of course, helps neutralize any aad present and so decreases the demand 
on the basic reserves But experiments demonstrate that when an excess 
of alkali m the form of sodium bicarbonate is introduced into a normal 
indiiidual, there is a tendency toward calaum loss rather than retention 
(159) (396) The effect of sunbght on calcium metabohsm is not under- 
stood but it IS known that exposure to the sun’s rays favors storage of cal- 
cium in the bones of children Sunlight is therefore extensiiely used as a 
therapeutic agent m nekets (212) (425) 

Lead excretion Tins brief survey suggests several logical metliods 
of investigating the factors which control tlie store of lead witlun the 
skeleton The most practical of these mvolve xariations of diet 
and medication with aads and salts which liberate reserve stores 
of calaum Thej should tlieoreticallj also prox e effective m mobiliz- 
ing lead winch has been deposited in the bones Because of the 
warmng frequently repeated in the literature that administration 
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common site and the chemical behavior of some of their salts in vitro 
is very similar, it seems quite probable that the same physiological 
conditions might favor the liberation or retention of both A re- 
view of information regarding the chief factors which influence 
calcium metabolism furnishes many suggestions about a possible 
control of lead storage 

Calcium excretion. Many different physiological and pathological factors 
influence the calcium economy of the organism Most obvious of these in 
determining whether calcium shall be drawn from or added to the skeletal 
store is diet. Not only the relation of the actual calcium intake (420) 
(346) (112) (160) (169) (354) to the requirements of the body, but also 
the vitamine content (202) (426) (423) (424) (211) (170) (220) and the acid 
or basic nature of the food (41) (33) (161) (134) play an important part. 
Perhaps even more potent and fundamental changes are produced within 
the organism by such conditions as (a) acidosis, whether due to excessive 
fatigue, incomplete oxidation of inorgamc acids, or acute infection (436) 
(397) (186) (329) (498), (6) pregnancy and the fetal demands upon the 
calaum reserve (436) (42) (97) (98), \c) lactation, which involves a pro- 
longed loss of calcium (146) (150) (291) (436) (97), and {d) variations of 
endocrine activity (27) (180) (44) Medication also has a profound influ- 
ence upon calcium metabohsm, and since the changes which it produces 
may be experimentally controlled, it provides a practical means of study- 
mg the stabihty of the lead stored in the orgamsm The types of such 
medication which have been most studied fall roughly into groups, (a) 
calaum salts, (6) antagonistic cations such as magnesium, potassium, and 
sodium, and (c) acids and alkahes In addition to these, sunhght has been 
foimd to produce marked effects 

The administration of calcium salts does not mvanably change the 
calcium balance toward the positive side as might be expected Berg (33) 
found that ingested calcium phosphate adds nothing to the calcium store 
since it is merely excreted imchanged in the feces, and this is in accord 
with the observ ations of fitienne (123) and Bonnamour, Sarvonat el al (44), 
who showed that prolonged admimslration of calcium chlonde causes 
marked decalcification following a shght transient retention This dram 
upon skeletal calcium was shown by fitienne to be so severe that deformities 
resembhng osteomalacia developed in his experimental animals Berg 
beheved that any inorgamc anion aids such depletion of the calcium store 
and advised admmistration of calaum lactate or bicarbonate to induce a 
retention Steenbock, Hart ct al (437), however, found that the addition 
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f potassium iodide may suddenly liberate stored lead and cause 
evere intoxication, it has seemed best to carry out experiments 
’’itli animals before attemptmg to treat patients ^vith these more 
owerful decalcifying agents 

In these expenments, cats which had been severely poisoned either by 
rolonged lead feeding or by the insufflation of lead carbonate, were allowed 
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to recover completely after the administration of lead had ceased The}' 
ivere then confined in metabolism cages so that their excreta could be ana- 
lyzed during control and medication periods As no attempt was made to 
separate urme from feces, the figures presented here represent the combmed 
excretion by the two routes. In one senes of expenments the animals were 
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at first starved dimng the administration of acid in order to increase the 
dram upon the calcium reserve by the production of acid within the organism 
Later, when longer obsers^ation periods were desirable, they received a 
diet consistmg of meat or hver which contain a very little calcium The 
nutrition was adequate except for calcium 

The data obtained after administration of HCl demonstrate that 
the acid caused a prompt increase in excretion (see table 23) The 

TABLE 2S 

The effect oj ammonium chloride on lead excretion 


CONTROL AimiALS 
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Average for two treated animals 3 82 


*Anunal sick witli snuffles 


low capacity of blood plasma for CO 2 is evidence of a considerable 
degree of acidosis Although acid may be tlius ingested in eflfec- 
tive doses (in cats by stomach tube) it frequently causes nausea 
and vomiting, and large doses cannot be taken without gastric dis- 
turbance 

J B S Haldane (183) has recently reported that rather large doses 
of ammonium chlonde cause marked acidosis in man wdthout diges- 
tive disturbances Since tins salt liberates one molecule of hydro- 
chloric aad when 2 molecules of ammonia combine with carbon 
dioxide to form urea in the body, a means is provided of adminis- 
tenng hydrochloric acid mdirectly Although in very large doses 
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E^cct of phosphoric actd on lead excretion 
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it IS an emetic and the amount which can be administered to animals 
IS therefore somewhat limited, doses which can be tolerated mcrease 
the excretion of lead when the diet contains little calcium (table 24) 

Other experiments were also performed to demonstrate the effect of 
ammonium chloride (112 cc m/ 1 solution per week) Four animals were 
given lead intratracheally, and while absorption was still going on, two of 
them wrere treated with daily doses of ammonium chloride The animals 
receiving ammonium chloride excreted approximately twice as much lead 
as did the controls and provide an excellent illustration of the action of this 
drug m preventing complete storage of lead m the bones (see table 25) 
Phosphoric acid is less highly dissociated than hydrochloric and conse- 
quently can be tolerated in higher concentration It causes xminiting less 
frequently and increases the rate of elimination of lead in cats very promptly 
(table 26) A few experiments performed to test the acid-forming effect of 
di-ammonium phosphate demonstrated that doses which can be tolerated 
produce rather variable changes Although the figures (see table 27) show 
that the excretion of lead inacased shghtly, this salt was quite ineffective in 
two of the three cases studied Later work with man has confirmed this 
observation 

Since tartaric acid is a well known solvent for lead phosphate m vitro, 
It also was administered to our animals It proved toxic, however, espe- 
aally to the kidney, and did not fax'or elimination of lead to any consid- 
erable degree 

Obserx’ations on the effect of sodium bicarbonate hav'C proved 
most instructive in pointing out the essential mechanism of the 
action of acids and alkalies upon stored lead When administered 
to a starving animal with aadosis sufficient to mobilize Oie stored 
lead, sodium bicarbonate favors storage of lead (310) probably by 
restoring the normal hydrogen ion concentration of the organism 
But when given in excessive doses to an animal normal except for a 
deposit of lead in tlie skeleton, sodium bicarbonate tends to increase 
greatly tlic elimination of lead (sec table 28) Tlie chemical ex-plana- 
tion of these apparently opposite effects is suggested by tlie work of 
Fairhall and Shaw (129) (sec section W) Their work suggests 
that while lead phosphate is least soluble within the usual range of 
hydrogen ion concentraUons in the organism, a relaUvcly slight 
increase of cither acidity or alkalinity promptly mcreases its solu- 
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Effect of sodtiim bicarbonate on the excretion of had 
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bibty It seems possible therefore that acids and alkalies liberate 
lead by shifting the hydrogen ion concentration, perhaps only locally, 
to a point suffiaently acid or alkalme to increase the solubility and 
permit liberation of some of the stored lead phosphate 
Too few animals have been studied and too many comphcatmg 
factors are involved to -n arrant any conclusions as to the relative 
effiaency of the different forms of medication m nddmg the orgamsm 
of lead, but the data do show that decalcifying agents tend to set 
free lead without— m so far as can be judged from animal expen- 
ments — produang any alarming symptoms of lead intoxication 
The shght loss of appetite and general malaise which appear durmg 
this forced treatment promptly disappeared as soon as medication 
ceased Among the animals to which aad was administered while 
lead was bemg actively absorbed from the lungs, there were a few 
exceptions to this The aad seemed to hasten absorption as well 
as to hberate stored lead If medication was contmued under these 
conditions the poisoning sometimes became fatal This corresponds 
to the results obtamod by Melsens (298) and others when poisoned 
animals were treated with potassium iodide The appearance of a 
lead line, marked loss of appetite, mcrcasing weakness and con- 
stipation, how'cver, usually gave ample warmng that the orgamsm 
was being overwhelmed by lead, and symptoms quickly disappeared 
if medication was stopped and the calaum intake increased From 
the pomt of view of safety, therefore, the use of these decalcifying 
agents to increase the ehmination of lead in man seemed justified 
To determine how completely retained lead can be removed from 
the orgamsm by reasonably prolonged medication, the tissues of 
these poisoned animals were analyzed for lead after treatment The 
data from thirteen cats arc presented in table29 Comparatively large 
amounts had been eliminated by these cats For example, m the 
penods determined for cat 217, 91 mgm of lead had been excreted 
over a penod of four hundred and twenty days of observation, and 
for cat 337, after lead by mouth, 51 mgm in three hundred and fifty 
days However, considerable quanUties were sUll stored inmost 
cases after prolonged periods of observaUon The detection of un- 
absorbed lead m tlie lungs of the cats whicli had received lead by 
insufflation of course indicates tliat continued absorption may have 



TABLE 29 

Analysts of tissues of cats after prolonged medteahon 
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been partly responsible for the lead remaining in the tissues despite 
medication The quantity of retained lead in these animals, however, 
is not greater than in those receiving lead by mouth In the latter, 
absorption must have ceased within a few days after the last dose 
was given WTiile these results on the whole discourage the hope of 
completely freeing the organism from lead, experiments on man 
in which subjective sjnnptoms can be accurately determmed alone 
can decide the relative desirability of (a) favoring complete storage 
of lead in the bones by high calcium intake and a careful maintenance 
of a normal acid-base equilibrium, or (b) eliminating as much lead as 
possible by medication before estabhshing these measures to insure 
storage of the remaining lead 

Summary. It has been shown by chemical studies with animals 
that an analogy exists in the metabohsm of calcium and lead Vari- 
ous decalcifying agents have been shown also to increase the lead 
output Conversely, conditions favoring calcium retention also tend 
toward a complete storage of lead in the bones 

Although the lead elimmation had been considerably increased, 
the analysis of the tissues of ammals after prolonged medication 
showed significant amounts of lead still retamed by the bones While 
it is probably impossible to “de-lead'’ a poisoned individual com- 
pletely, further experiments on man alone can demonstrate the rela- 
tive desirability of a preliminary medication to increase the excretion 
of lead or of wmilang from the first for a complete storage of lead 
in the skeleton 

IX. TACTORS INFLUENCING THE RATE OF LEAD EXCRETION IN MAN 

The experiments with animals have indicated that the factors 
determining excretion of lead from the orgamsm are practically the 
same as those determining liberation of lead from the bones As 
lead is stored m the hard bone in man just as in animals (309), we 
therefore have employed upon patients suffering from lead poisom'ng 
the same methods nhich apparently proved effective in liberating 
stored lead in cats The detennmation of the amount of lead 
eliminated in the excreta is, of course, but an indirect and inexact 
measurement of the quantity liberated from the bones, for lead may 
circulate through the body and be re-deposited without appearing 
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in either unne or feces But the amount thus forming the “lead 
stream” m the blood is too minute to measure by any quantitative 
chemical methods now available 


In a special ward of three beds at the Massachusetts General Hospital, 
our patients have been under the charge of a special metabohsm nurse who 
had no duties except to see that the necessary regime was earned out 
Patients were usually transferred from die regular wards after the defimte 
diagnosis of relatively sc\ ere lead poisoning had been established, and were 
promptly started on then special regime All the excreta were collected, 
the unne in twentj -four-hour specimens (preserved b> powdered thymol), 
the feces in indmdual specimens Since chemical analyses were made of the 
excreta for three day penods, 0 3 gram of carmine alum lake was adminis- 
tered orally every' third day to permit accurate collection of feces as well as 
unne This dye was given at 1 P M and its first appearance in the feces 
marked the end of the penod, the collection of unne for this same penod 
ended at <5 P M 

In order to do away with as many variable factors as possible during 
medication, the patients were given the same low calcium diet daily 
During the first few days iheywcreallowedtochoosewhatcverseemed most 
attractiie from the list of foods containing little or no calaum, and there- 
after the daily ration was kept stnctly uniform The patients accepted 
this monotonous diet well All food was weighed, and if any was not eaten 
Its quantity was carefully determmed and deducted from the total A list 
of the different foods given and their calcium content follows 


Foods olloued tn lost calcium diets 


Milk free bread 

C^nftnl of<aIauin 
in ptr tent 

0 on 

Regular bread 

0 041 

Round steak 

0 008 

I ucr 

0 006 

Chicken 

0 on 

Ham 

0 022 

Potato (raw) 

0 on* 

^^acaronJ 

0 018 

Rice (uncooked) 

0 007 

Rice (boded) 

0 006 

Canned tomatoes 

0 005 

Canned com 

0 005 

Apple, fresh 

0 010* 

Apple, dned 

0 021 
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. 0 026 
0 007 * 


Peaches, dned 
Bananas, fresh 
Butter fat 
Salt, pepper, sugar 
Coffee, tea 
* From Sherman 

The calcium intake was raised either by the addition of calcium lactate 
and milk to this uniform diet or by allowmg the patient to receive the regu- 
lar hospital diet plus a quart of milk and two grams of calciiun lactate per 
day. 

Under such uniform conditions, the factors influencing the excretion 
of lead, when absorption is no longer active, may be studied with 
comparative ease Thus, sixty-five satisfactory observations (with 
an average duration of more than three weeks) have been made of 
the effects of various medications which influence the balance of salts, 
the calcium balance, or the acid-base equflibnum , or produce catharsis 
Each new procedure tvas started with great caution in order to avoid 
precipitation of any such acute manifestation as colic. The influence 
of (a) magnesium sulphate, (b) potassium iodide, (c) potassium 
chloride, (d) high calcium mtake, (e) low calcium intake, (/) di- 
ammonium acid phosphate, (g) phosphoric add with both high and 
low caldum diet, (Ji) hydrochloric add with high and low caldum 
diet, (^) ammonium chloride, {j ) sodium bicarbonate, and (k) sodium 
dtrate has been studied in twenty-seven of our cases — for the most 
part within the last two years Symptoms of intoxication by lead 
appeared rarely dunng treatment, and at the time of discharge from 
the hospital all the patients had improved markedly — they had 
gained weight and were relieved of active symptoms In three of the 
many patients treated a mild colic developed and m one encepha- 
lopathy recurred after administration of ammonium chlonde,but this 
promptly disappeared vnth the restoration of apositive calcium balance. 

As space does not permit a detailed outline of all the observations, 
some will merely be mentioned in a general way and the others will 
be reported in the summanes of the effects of medication 

Altliough before and after nearly every penod of medication control 
observations were made, these could not always continue as long as was 


TABLE 30 

Control fcnois consicuh-o obscnalions of three day pmads ^nlhout medteatton oil er than 
change tn diet 




LEAD EXCRETTOS 

CAICIUM 

j 



InUke 1 Output 


P M 




ntm 

ntm 

mgm 

grans 

Sramt 


Low calcium plus calcium 

0 S2 

0 25 

0 77 

2 172 

2 350 


lactate 







Lot calcium plus calcium 

0 

0 87 

0 87 

2 172 

1 617 


hetate 






Apnl 7 to 

Lott calcium plus calcium 

0 44 

0 

0 44 

2 172 

2 661 

Apnl 28 

lactate 







Hou'se diet 

0 34 

0 06 

0 40 




House diet 

0 24 

0 67 

0 91 




House diet 

0 26 

0 76 

1 02 




House diet 

0 33 

0 75 

1 08 




Low calcium diet 

0 33 

0 47 

0 80 

0 360 

0 622 


Low calcium diet 

0 33 

1 22 

1 55 

0 408 

0 711 

Alay iv to 

Low calcium diet 

0 41 

0 56 

0 96 

0 411 

0 682 

June 2 

Low calcium diet 

0 

0 80 

0 SO 

0 411 

1 4507 


Low calcium diet 

0 26 

1 57 

1 83 

0 411 

0 868 


Low calcium diet 

0 47 

0 61 

1 08 

0 357 

0 991 


Low calcium diet 

0 46 

1 30 

1 76 

0 357 

0 707 

June 24 to 

Low calcium then house diets 

0 22 

0 96 

1 18 


2 221 

July 11 

House diet 

0 10 

0 69 

0 79 


4 467 


House diet 

0 28 

1 10 

1 38 


3 952 


House diet 

0 

0 

0 


3 282 

D J M 


House diet 

0 43 

0 52 

0 95 


4 SOOd: 

Xfnif H 

House diet 

0 72 

0 33 

1 05 


2 600 

W lO 

May 18 

Low calcium diet 

0 44 

1 12 + 

1 56+ 

0 341 



Low calcium diet 

0 

1 80 

1 80 

0 355 

0 609 


Low calaura diet 

0 43 

0 74 

1 17 

0 355 

0 756 


Low calaum diet aCter KatlCOj 

0 48 

1 09 

1 57 

0 420 

0 950 

June 3 to 

Low calcium diet after NaHCOj 

0 26 

1 30 

1 56 

0 420 

0 937 

Tiinf* 1 A 

Low calaum diet after NaHCOj 

0 3S 

0 91 

1 26 

0 411 

0 692 

JUdV «o 

Low calcium diet after NaHCOj 

0 35 

1 21 

1 66 

0 405 

0 897 


Ix)t\ calcium diet after NaHCOj 

0 20 

0 

0 20 

0 348 

0 815 


House diet 

0 69 

0 

0 69 


2 249 


House diet 

0 

0 

0 


2 839 

July 18 to 

House diet 

0 22 

0 

0 22 



August 4 

House diet 

0 

0 

0 




House diet 

0 

0 

0 




Hou^c diet 

0 

0 

0 
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TABLE 30 — Continued 


DATE 

! 

DIET 

IXAD EXCRETION ! 

1 

CAXCIDU 



Unne 

Teces j 

Total 

Intalc 

[ Output 


J T 




mzm 

mgm 


mm 

grams 


Weighed diet plus calcium 

0 39 

0 

0 39 


2 720 


lactate 







Weighed diet plus calaum 

0 

0 

0 

2 172 

2 76S 


lactate 






April 7 to 

Weighed diet plus calcium 

0 32 

1 43 

1 75 

2 172 

3 118 

April 27 

lactate 







House diet 

0 33 

0,97 

1 30 




House diet 

0 21 

0 

0 21 




House diet 

0 31 

0 47 

0 78 



> 

House diet 

0 43 

0 40 

0 83 



' 

Low calaum diet after NaHCOj 

0 

1 94 

1 94 


0 685 


Low calcium diet after NaHCOt 

0 

1 38 

1 38 


0 731 

May ly to j 

Low calcium diet after NaHCOa 

0 49 

1 76 

2 25 

liBlI 

0 865 


Low calcium diet after NaHCOj 

0 43 

0 

0 43 

0 411 



Low calcium diet after NaHCOj 

0 

1 30 

1 30 

0 411 

1 109 


Low calcium diet 

0 45 

I 34 

1 79 

0 357 

0 880 


Low calcium diet for two days 

0 25 

2 04 

2 29 


4 659 


House diet 

0 31 

0 

0 31 


10 998 

June 27 to 

House diet 

0 18 

0 

0 18 


8 567 

July lo 

House diet 

0 13 

0 

0 13 


9 045 


Low calcium diet 

0 42 

1 01 

1 43 

ISBl S 

1 519 


Low calcium diet 

0 

2 34 

2 34 

B 1 i 

1 566 

M R 


Milk, dunng severe lead colic 


2 83 

3 57 




Milk 

0 

0 

0 



July 3 to 

Milk 


0 59 

1 15 


2 033 

July 17 

Low calcium diet 

0 22 

0 

0 22 

0 252 

0 794 


Low calcium diet 

0 

0 72 

0 72 

0 322 

0 793 


House diet 

0 

0 

0 



July 30 to 

House diet 

0 

0 

0 



August 10 ] 

House diet 

0 

0 37 

0 37 




House diet 

0 09 

0 79 

0 88 
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longed time In several patients, however, it was possible to make a senes 
of such observations which is of value as a control (table 30) These demon- 
strated considerable vanation in which both diet and constipation played 
some part ^s shown in animals, a diet deficient in calcium favors excre- 
tion, and this may also be seen in the three observations on the patient 
J T, where the third penod (June 27 to July IS) particularly shows a 
striking effect of change of diet There is a possibihty that the longer the 
deficiency in calaum the greater Uie effect of medication on the excretion 
of lead Consequentlv sev eral cases are reported m full (figs 20, 21, and 22) 
to show the course of prolonged observations 

Individual variations in the control periods necessitate merely 
quahtative interpretation of tlie results of medication As the 
number of observ'ations is too small to permit statistical or mathe- 
matical study, and as diet and individual vanations complicate 
interpretation greatly, only average figures will be given here as 
evidence of the effects of the different medications Detailed data 
are reported in a separate paper (19) 

Factors mfluencmg excretion of lead Admimstration of cathar- 
tics has long been the favonte treatment of lead intoxication Croton 
oil, which was recommended by Tanquerel, bas now been largely 
replaced by magnesium sulphate The exact effect of these cathartics 
upon the rate of excretion of lead has not been previously determined 
In table 31 are data obtained from three observations after daily 
administration of magnesium sulphate (m one case one-third ounce 
per day, m two cases one ounce per day) The average excretion of 
lead in nme three-day periods during ingestion of magnesium sulphate 
was 0 S3 mgm , that in five control penods was 0 30 mgm Tims, 
although It has a marked cathartic action, magnesium sulphate does 
not greatly influence the total lead excretion It does, how'ever, 
cause improvement in cases of lead colic, probably by relieving con- 
stipation and cleansing the gastro-mtesUnal tract, as well as bj re- 
lieving spasm of smooth muscle, and not by increasing the rate of 
elimination of lead 

Potassium iodide Quite another tiTie of medication which has 
been emplojcd for many years is tlie admimstration of potassium 
iodide hlelsens (297), who recommended its use m 1840, earned 
out expenments on dogs which have been supplemented by' further 


TOt.Iv Noa I *so 2 
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investigations by Parkes (352), Pouchet (366), and Dixon Mann 
(279) (see page 210) Their results are contradictory Parkes and 
Pouchet believed that potassium iodide increased excretion, but Mann 
could not observe that it had any such effect As no definite con- 
clusion had been dra^m when our investigation was started, one of 
the first problems was to determine its efiSciency Analysis of the 


TABLE 31 

The tnfluence of medtcalioti 

The average total excretion of lead for three-day periods 


iEEDICATION 

£ 

U 

b 

Oi 

S 

S> 

5S 

co*:trol 

PERIODS 

PERIODS 

DUR1^G 

ifEDXCAXlOS 

PIP ST 
PEP lOD 
ATTER 
MEDICATION 

SUBSE- 

QUENT 

CONTROLS 

H 

M 2 

P 

^ W 
U 

OH 

> « 
< 0 
o 

j 

1 

0 

J s 

$ < 

^ W 
ib e< 

O H 

ii 

< w 
n 

: 

« tfl 

V.-3 

S 

3 c. 

S “ 

‘-•'3 

^ 2 
E § 

3 c. 
2; 

Lead 

excreted 

Number of 
periods 

•xs 

u 

V 

SS 

h; 

Number of 
periods 

I eid 
excreted 




mgm 


mgm 


mgm 


mgm 



Phosphonc acid with low cal- 












aum diet 


19 

0 81 

45 

2 51 

9 

0 92 

15 


3 1 

Phosphonc acid with normal 












diet 

12 

22 

0 46 

43 

1 10 


1 54* 

2 

■lEM 

2 4 

Hydrochloric acid 

4 

7 

0 31 

13 

0 88 


0 42 

1 


28 

Ammonium phosphate 

2 

5 

1 27 

11 




1 




Ammonium chlonde 

8 

17 

0 80 
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* Greatly ele\ ated by one high figure of 5 69 mgm 


excreta both before and during the use of potassium iodide clearly 
demonstrated (see table 31 and fig 20) that ehmination of lead in- 
creases during ingestion of this drug When no lead was being 
excreted without treatment, potassium iodide caused its appearance 
in the excreta, and in those cases in which lead was present during 
the control periods, the total excretion was doubled — an average 
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excretion of 0 68 mgra (ten penods) rose to I 29 mgm (28 periods) 
This increase continued during the first period after potassium iodide 
^\as discontinued 



Fig 20 SciiitAP\ or Eitects or Mcticatio' 

Each cun c represents the a\ crage excrcUon of lead for con«ecuti\ c three da> penods 
Cunc 1 The effect of phosphonc aad and a Iotv calauxn diet The first control 
represents onl> two obscnations 

Curve 2 The effect of phosphonc aad and a nornial diet. The first and la^t control 
penotb represent onl> Itto oteerv aliens each 
Curs e 3 The effect of ammonium cHonde 

Curs e 4 The effect of sodium bicarbonate The last taahcation penod rcpre'en*s 
onl> tvre obrersations 

Curve 5 The effect of potassium iodide The fourth, fifth, and sixth roreiication 
periods, the high points in the curs c, represent oniv single observations 
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A few experunents were performed in an attempt to determine 
whether it was the potassium or the iodide ion which produced this 
eSect Potassium chloride was administered in three experiments 
(5 grams daily) without obvious change in rate of excretion. The 
action of ammonium iodide was then tested because in the body 
ammonia would largely form urea which should exertno efiect (see also 
ammonium phosphate experiments). Our one observation indicated 
that the definite increase of lead excretion was hardly less marked 
than with the potassium iodide which followed (see table 31) These 
experiments therefore suggest that it is the iodide ion which influences 
lead excretion 

Although potassium iodide has long been used empirically with fair 
success in the attempt to increase excretion of lead, its mode of action 
is unknown The determination of various factors involved in the 
mobilization of lead, and therefore of effective methods for its control, 
has seemed desirable. Therefore, the medications tested on animals 
were further studied in man 

Acids. The effect of acids must be dependent upon (a) their tox- 
icity and {b) their destruction in the body. The toleration of the 
organism to them apparently vanes with the strength of the acid. 
Far larger quantities of phosphoric than of hydrochloric acid may be 
taken ndthout discomfort Ammonium salts, however, which Hal- 
dane (183) has shown to be effective in producing acidosis, may be 
administered with far more ease tlian any of the acids Although 
in vitro certain adds dissolve lead more readily than others in eqmva- 
lent concentration (hydrochlonc, phosphoric, lactic, and tartaric 
acids, in order of increasing solvent action), it is not to be expected 
that this would be true in the body, for m the organism adds must be 
neutralised or be burned The organic adds which are burned must 
have less effect on the hydrogen ion concentration of the organism and 
on the solubihty of lead unless they are locally produced Lactic or 
dtric acid, for instance, when taken by mouth should theoretically 
be meffecti%'’e 

In treating patients in the hospital, results were obtained which 
seemed to bear out these differences Daily administration of about 
140 cc of n/10 hydrochloric aad in four cases raised the average 
excretion from the control level of 0 31 to 0 88 mgm per period, and 
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the late of e'ccretion fell to an average of 0 28 mgm after the acid 
was stopped (see fig 20 and table 31) These were earlj, experi- 
ments, however, and were not as satisfactory as later observ'ations 
Phosphonc aad was adimmstered with diets of both high and low 
calcium content Twelve obsen ations were made with high and ten 
with low calaum intake Dunng most of the control periods the diet 
contained much calcium In nearly all of the individual experiments 
the excretion of lead increased dunng the ingestion of acid Figure 20 
demonstrates the average curves obtained from all the observations ' 
The striking increase in excretion of lead in both senes is shown m 


TABLE 11 

TIedath urinary txcreltan of ^Imphonts 




UTIEVT 



HS 

PC 

BL 


im 

tm 

■QHH 


1 47 

1 20 


Before acid 

1 53 

1 25 



1 58 

1 00 



3 47 

2 52 

2 08 

Dunng ingestion of phosphonc acid 

3 16 

2 46 

2 04 


2 26 

2 84 

2 36 

2 05 

1 88 


table 31 Apparently acid wuth a low calcium diet caused a greater 
excretion of lead than occurred when the diet was normal This is 
more sinking tlian the chart shows, for the average control figure is 
elevated because eight of the mneteen control observations were 
made during a low calaum intake In these, the av'erage excretion 
per period was 1 27 mgm as compared with that of 0 48 mgm dunng 
the eleven control periods when the diet was nch in calcium 

That the phosphonc acid was absorbed by the gastro-intesUnal 
tract was determmed m several ways The quantitj of inorgamc 
phosphate in the unne when the diet was constant proved much 

’ Thwe curves do not represent tie some number of expenments in each penod, 
because nl! obstrsaUons were not «iualh prolonged Accurate comparisons can best 
be made bj reference to the data of each ob'crvation which is given in our original paper 
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greater than normal (see table 32) and the increase could only have 
been denved from the acid absorbed Determinations showed that 
the quantity of urinary ammonia gradually rose to a high level during 
acid ingestion The CO 2 combining power of the blood plasma was 
definitely reduced during ingestion of acid in a majority of our numer- 
ous determinations Dr A 0 Koehler has also demonstrated that 
the hydrogen ion concentration of the blood fell during acid ingestion 
to a figure as low as 7 19. As soon as administration of acid ceased, 
these figures returned promptly to their previous normal values 
In an effort to produce acidosis without the discomfort of direct 
ingestion of acid, the ammonium salts of both phosphoric and hydro- 
chloric acids were administered (183) Ammomum phosphate 
((NH 4 ) 2 HP 04 ) proved rather ineffective in two cases It mcreased 
the average excretion from 1 27 mgm per three-day period before 
medication to 1 60 mgm , but the average excretion fell to 0 66 mgm 
of lead per period after medication ceased Ammonium chloride, on 
the other hand, when administered with a diet of low calaum content, 
gave much more satisfactory results (eight cases), in fact it appeared 
to be as efficient an agent as phosphoric acid The daily dosage varied 
somewhat, but could be as large as 12 grams Just as during treat- 
ment with phosphoric acid, the hydrogen ion concentration of the 
blood plasma fell and the CO 2 combining power was dimimshed while 
this salt was being ingested Increased quantities of ammonia grad- 
ually appeared in the urine under this regime Thus it is demon- 
strated that ammonium chlonde produces acidosis qmte comparable 
to that caused by phosphonc acid 
Alkalies. Because of the greater solubility of tri-lead phosphate in 
alkaline as well as acid medium, attempts were also made to increase 
ehmination of lead by rendering the tissues more alkaline than normal 
Sodium bicarbonate (in doses up to 40 grams per day) given with the 
usual varied diet produced striking results in seven cases (table 31 
and fig 20) It reduced the urinary excretion of nitrogen, mcreased 
the CO 2 combining power of the blood plasma, and changed the hydro- 
gen ion concentration to pH 7 55 Although sodium bicarbonate 
does not cause as great an increase in the rate of ehimnation of lead 
as do the acids or acid-formmg substances, it possesses certain ad- 
vantages, for it was given without a special diet and seems to produce 
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an effect which continues longer after cessation of treatment than that 
caused by other forms of medication In one observation sodium 
citrate was found to increase only slightly the rate of excretion (see 
table 31) 

As all of these drugs were ingested in quantities which approached 
the limit of tolerance, it was necessary to watch tlie general condition 
of paUents with cate Usually thej lost appetite, and dunng the 
development of acidosis somctunes suffered from headache and general 
malaise The weight which was lost during treatment with acids W'as 
rapidly regamed dunng control or rest periods Ammonium chloride 
and sodium bicarbonate seemed to have less general effect Occa- 
sionally medication produced diarrhea In no case, however, was it 
the cause of an acute manifestation of poisomng, and in patients 
suffenng from wnst drop satisfactory improrement progressed 
Under the regimes thus outlined, recovery from anemia w as rapid, 
and the sbppling of red blood cells gradually disappeared The 
general condition of the patients was excellent and they regamed 
strength, gamed w eight, and recovered good color 

In order to give a clearer picture of our results, the cliarts of tliree 
patients are included These show the effect of diet and medication 
upon the exaction of lead for a long tune and include only the more 
important data Such various factors as calories or type of food, salt 
intake, and volume of excretion, winch apparently exert but little if 
any influence on the lead excretion, are omitted The longer obser- 
vations were made on mdinduals who, because they were temporarilj 
disabled by bilateral wnst drop, could be kept m the hospital 
indefinitely 

In looking o\er the charts it is important to observe not only tlie 
effect of the medication but also that exerted by the calcium mtake 
and balance 

M G H 259852 John L , thirty-two, Austrian, chauffeur 

Nine days before entrance he had a chill, fever, and pain m joints, with 
persistent constipation Two davs ago he developed severe generahzed 
abdominal cramps This is his second such attack 

Physical examination showed a pale man wath a marked lead line The 
abdomen is soft but tender in epigastrium, and the liver edge is palpable 
and tinder Tlicre is no muscle weakness. 
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Laboratoty findings- Red blood cells 3,600,000 Hemoglobin 65 per 
cent l^Oiite count 8000 The reticulated red cells were 3 to 6 per cent, 
and many stippled cells were found The serum dilution of his blood was 
ele\’ated to a level of 1-40, and bile obtamed by duodenal tube showed 
mcreased amount of bikrubm, both of which suggested mcreased blood 
destruction X-rays of lungs, gall bladder and gastro-intestmal tract wer6 
not remarkable Blood pressure 140/70 

Course- He continued to complain of some right upper quadrant pam 
until It was definitely decided that his gaU bladder was normal The source 
of the lead was not discovered He left the hospital feeling well, ha\Tng 
gained six pounds 

The treatment and lead excretion is shown in fig 21 

hi G H 260749. John T , thirty-four, Lithuaman, rubber mixer for 
five 3 *ears 

Three months ago he developed severe cohc v-ith marked constipation 
and vomitmg Then he noticed weakness of v-rists, which was most marked 
in tlie morning He worked until three days ago, when he was too weak to 
continue Suddenl}- he became maniacal and had a commlsion and was 
taken to the Psj’^chopathic Hospital He was pale, wildly maniacal, showed 
marked confusion, was completely- disoriented and violent, and had hallu- 
cinations of sight and smell 

Physical examination showed marked pallor and lead Ime He had a 
bilateral wrist drop with mvolvement of upper arms of the brachial type 
of Remak, involving deltoid and supraspinatus muscles on the right and 
left, though palsy of deltoid and supraspinatus muscles on the left was not 
complete. There is defimte swelling m the tendon sheaths of the paralyzed 
wnst muscles 

Laboratory' findings Red blood count 3,800,000 witli marked stippling 
of blood cells Spinal fluid was normal, except for increased pressure, 
though lead was found in it The Wassermann test was negative in blood 
and spinal fluid The renal function, non-protein nitrogen, blood calcium, 
phosphorus and sodium chloride were aU normal 

Course: Patient recovered completely from mania within twenty-four 
hours after high calcium intake was started In three weeks he w-as trans- 
ferred to the Massachusetts General Hospital, and was kept for a long time 
because he was economically- completely disabled Gradually strength 
returned in his hands and arms, and at discharge (after seven months) 
there w-as good movement in aU muscles though the extensors of the wnst 




Tigs 21, 22 akd 23 I'Dx Eftecis of MrDlCATIo^ A^^) Diet uro\ Lead Excretion in 
In-dhidvae Cases 

The intcrv al marks on the abscissa represent fi\ e days 


Abo\c the middle horizontal line is shown the medication and lead excretion The 
faint line is the excretion of leid m the unne expressed in output for three days The 
heavy Imc is the total excretion of lead in the unne and feces for three day penods The 
mcdicatoa is shown m blocks representing, the cubic centimeter of molar solution taken 
per day These re'\ll> represent as much as the patient could take tnthout tone s>inp- 
toms 


Below the middle horizontal line is shown the calaum intake m blocks of three day's 
total Ingestion The arrows in areas of high calcium mtalc represent the addition of 
milk or calcium Lactate to tlie routine low calcium diet The arexs which have no 
enclosin" block line repre«ent penods of unwelghcti full ditts The single line represents 
the total calaum output in unne and feces in three day penods ihe distance between 
line and blocks therefore represents the positive or negative calcium balance 
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were stiU not strong. During his 204 days m the general hospital he felt 
well, complained of no colic, and gamed twenty pounds m weight. 

His treatment and lead excretion are shown in figure 22 

M. G. H 259296 Pando M , forty-eight, Greek, rubber mixer for seven 
years 

For five months he has had repeated attacks of severe abdommal cobc. 
For four months he has felt “burning” sensations of feet and easy fatigue. 
Seven weeks ago his hands and arms felt “burnmg,” and his hands became 
weak The ring fingers were first involved, then the middle, and later the 
index finger, and finall}'^ the wrist The palsy in the right hand was more 
severe than the left. 

Physical examination showed a pale, wan-Iookmg man with a marked 
lead hne His arms showed no sensoty disturbances, but great weakness in 
all movements, particularly in biceps and deltoid, and there was a typical 
double wrist drop which was more marked on the right Both legs were 
weak and there was a shght but defimte toe drop on the right There is 
definite swelling in the tendon sheaths of the wrist muscles which are 
paralyzed 

Laboratory findings Hemoglobin 75 per cent Red blood cell count 
3,700,000, with marked stipphng of the cells Hon-protein nitrogen of 
blood was 51 mgm per cubic centimeter, but the calcium, phosphorus, and 
chlorides were normal and the sulphone phenolphthalem excretion averaged 
50 per cent m two hours. 

Course Cobc stopped promptly on entrance, and in two months his 
upper arms had markedly regained strength The wwist drop gradually 
improved, and at discharge, both hands were still w’^eak, but all movements 
could be made He felt well except for continued burnmg sensations in his 
legs The red cell count was 4,900,000 and there was no stippling found 
He gamed twenty-two pounds during his 237 days in the hospital 

His treatment and lead excretion are shown m figure 23 

Summary. The various observations on both cats and man seem to 
demonstrate that both acids, add-forming salts, and alkalies defi- 
mtely increase the excretion of lead to a greater extent than does 
potassium iodide Magnesium sulphate has apparently no such effect 
Although acids increase excretion of lead w'hen the diet is normal, 
they are much more effective "when the calaum intake is low. Sodium 
bicarbonate and potassium iodide produce their action without a 
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speaaldiet In potassium iodide it is apparently the iodide ion which 
IS effective 

Part II Pathology 
X pathology 

The lack of correlation between the clinical picture of lead poison- 
ing and the pathological findings has produced much controversy 
Patients who have presented many symptoms suggestive of patho- 
logical change usually show at post mortem exammations little of 
interest Moreover, the many ante mortem S3Tnptoms and signs 
are explained by the autopsy with great difficulty and lead is rarely 
proved to be the immediate cause of death (3) Under such con- 
ditions the confusion in the literature may readily be imagined Not 
only have many opinions been based on the exammation of isolated 
cases, but incorrect conclusions have been drawn from autopsies 
which revealed lesions characteristic of conditions other than lead 
poisomng Facts such as these probably led conservative and care- 
ful climcians to sound a warning that appendicitis as well as colic 
can attack a lead worker and that those who have absorbed lead are 
not immune to cercbro-spmal syphilis 

Even experimental lead poisomng has done httlc to clanfy the 
situation JIany of tiie mvestigations havn been uncontrolled and 
certain of the pathological conditions attributed to the action of 
lead may frequently be seen in supposedly normal animals No 
doubt some work suffered from attempts to demonstrate a relation 
between the lesions found in an organ and the quantity of lead re- 
covered from It Tlus, of course, led to the accumulation of much 
contradictory evidence and compheated the question by a fruitless 
discussion as to whetlier lead acts directly or indirectly Some 
invesPgators believed that lead so affected the orgamsm that an 
abnormal metabolism resulted and permitted the formation of toxic 
substances 

Since our patients have shown httlc that can be definitely asenbed 
to the action of lead, and since microscopic examinations of the 
Ussues from our animals have not yet been made, the main purpose 
of the following account is to review the literature in so far as it in- 



114 


AXTB, FAIRHALL, MINOT AND EEZNIKOFF 


dudes observations which have been made with some regularity, 
and have been confirmed, or which have an obviously important 
bearing on the subject. In addition, in order to avoid increasing 
the existing confusion, an attempt will be made to evaluate these 
observations so that some idea may be obtained of the relative im- 
portance of the lesions attributed to lead 

Students have always endeavored to crystallize into a pathological 
entity the isolated observations of each chnical condition To this 
end wherever possible they have sought to attnbute a specific lesion 
to each etiological factor Lead has been no exception 

The specificity of the lesion in lead poisomng has been most strenuously 
advocated by Legge, Goadby, and Goodbody (252) (166) These workers 
claim that the specific lesion m lead poisomng consists of hemorrhages 
caused by the action of lead on the vessels, espeaally the minute venules 
Following this condition secondaty pathological changes may occur, 
particularly fibrosis, as was suggested previously by Siccardi (430) (431) 
and also Hitzig (218) This idea of a charactenstic change in plumbism 
was based on results in some animal experiments and more particularly 
on a case reported by Mott (321). There are many objections to this 
view One of the most frequent signs of lead poisomng is anemia, often of 
marked degree (section X\TI). This alone is sufficient to explain the 
occurrence of hemorrhages Moreover, Mott’s patient had nephritis and 
arteriosclerosis, conditions frequently associated with hemorrhages Mott 
definitely states that many of the lesions were probably artefacts, Catalano 
(72) also beheved that hemorrhages constantly accompanied lead poisomng, 
but his patient suffered from convulsions, and there is no reason to beheve 
that this symptom may not have been a contnbutmg cause rather than the 
result of hemorrhage Siccardi performed experiments on isolated artenes, 
perfusmg them with salts of lead He found that these vessels shrank 
markedly and concluded that lead acts on the smooth muscle of the media 
These tests, however, were performed entirely tn 'oilro and with very 
concentrated solutions of lead Their applicabihty, therefore, to condi- 
tions m VIVO IS not estabhshed In sections of hver, which we perfused 
with lead salts, the lead was entirely taken up by the endothehal cells of the 
vessels, none penetrating into the media. The evidence offered for the 
theory of vascular injury, however, has not changed the opinion of most 
observers, which holds that there is no lesion characteristic of lead poisoning, 
except perhaps the lead line. 
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General appearance At post mortem examination, patients who 
have had lead poisoning present the appearance of marled under- 
nourishment which IS emphasized by absence of subcutaneous fat 
Mucosa Probably the most characteristic and common finding 
IS the so called lead or Burtonian ime — a dark Ime on the gmgiva 
near the border of decaying teetli This is not a superficial forma- 
tion, for it cannot be rubbed off Microscopic examination of small 
sections snipped from the gums shows that the lead Ime is composed 
of fine black amorphous granules which he in the connects e tissue 
at the base of the epithehum These are also found m the interior 
and in the walls of vessels, m connective tissue fixed cells, and in 
macrophages A similar black discoloration m the mucosa of the 
colon and in the lower portion of the small mtestme, first observed 
by Tanquerel (453), is sometimes seen 
Gaslro-tnicslinal tract The common occurrence of cohe in plum- 
bisro has focused the attention of pathologists on the gastro-intestinal 
tract and several lesions have been reported 

In acute fatal cases, Hutton (222) states that entero-colitis results from 
the caustic action of lead, while m chronic cases a long continued gastro- 
enteritis, consisting of glandular atrophy of the stomach and small intestine, 
and intcrtubular diffuse sclerosis, has been frequently observed (299) (243) 
Lcgge and Goadby have noted a slight degeneration of the muscular coats 
with infiltration and minute hemorrhages ilaicr (274), who also reported 
finding hemorrhages m the gastro-intestmal tract, contributed to this list 
of changes a fatty degeneration of secretory cells, enlargement of arteries, 
venous stasis, and circumscribed areas of softenmg Of special clinical 
interest are the experiments of Jores (230) in which he produced gastric 
and intestinal ulcers m dogs by the admmistration of lead These are 
significant because of the frequent occurrence of ulcers in lead intoxication, 
and may suggest a method of investigating the mechanism by vvhicli such 
lesions arc formed 

Vanous pathological diangcs have been reported as the underlymg 
cause of colic Maier believ ed that sdcrotic degeneration of tlie submucous 
and m> enteric plexu=cs is the fundamental factor m its etiology This 
abnormal condition of the sjanpaUitlic mncnation of die gastro-mtcstinal 
tract has also been reported bv Tanquerel who desenbed h>pertrophv of 
the cocliac ganglion, and bv Mossc (320) who thought Uiat sclcrosts of the 
sj-mpatheue ganglion was alwajs the cause of colic Both Tanquerel and 
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dudes observations which have been made with some regularity, 
and have been confirmed, or which have an obviously important 
bearing on the subject In addition, in order to avoid increasmg 
the existing confusion, an attempt will be made to evaluate these 
observations so that some idea may be obtained of the relative im- 
portance of the lesions attributed to lead 

Students have always endeavored to crystallize into a pathological 
entity the isolated observations of each chmcal condition. To this 
end wherever possible they have sought to attribute a specific lesion 
to each etiological factor. Lead has been no exception 

The specificity of the lesion in lead poisoning has been most strenuously 
advocated by Legge, Goadby, and Goodbody (252) (166) These workers 
claim that the specific lesion in lead poisonmg consists of hemorrhages 
caused by the action of lead on the vessels, especially the mmute venules 
Following this condition secondary pathological changes may occur, 
particularly fibrosis, as was suggested previously by Siccardi (430) (431) 
and also Hitzig (218) This idea of a characteristic change in plumbism 
was based on results in some animal experiments and more particularly 
on a case reported by Mott (321). There are many objections to this 
new. One of the most frequent signs of lead poisonmg is anemia, often of 
marked degree (section XVII). This alone is sufficient to explain the 
occurrence of hemorrhages Moreover, Mott’s patient had nephritis and 
arteriosclerosis, conditions frequently associated with hemorrhages. Mott 
defimtely states that many of the lesions were probably artefacts Catalano 
(72) also believed that hemorrhages constantly accompamed lead poisoning, 
but his patient suffered firom convulsions, and there is no reason to beheve 
that this symptom may not have been a contnbutmg cause rather than the 
result of hemorrhage Siccardi performed experiments on isolated arteries, 
psrfusmg them with salts of lead He found that these vessels shrank 
markedly and concluded that lead acts on the smooth muscle of the media 
These tests, however, were performed entirely in viiro and with very 
concentrated solutions of lead Their applicability, therefore, to condi- 
tions v!w is not estabhshed In sections of liver, which we perfused 
with lead salts, the lead was entirely taken up by the endothehal cells of the 
vessels, none penetrating into the media The evidence offered for the 
theory of vascular injury, however, has not changed the opinion of most 
observers, which holds that there is no lesion charactenstic of lead poisoning, 
except perhaps the lead line. 
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General appearance At post mortem examination, patients who 
have had lead poisonmg present the appearance of marked under- 
nounshment which is emphasized by absence of subcutaneous fat 
Mucosa Probably the most characteristic and common iindiiig 
IS the so-called lead or Burtonian line— a dark Ime on tlie gingiva 
near the border of decaying tcetli This is not a superficial forma- 
tion, for It cannot be rubbed off Microscopic examination of small 
sections snipped from the gums sliows that the lead line is composed 
of fine black amorphous granules which he in the connective tissue 
at the base of the epithelium These are also found in tlie intenor 
and in the w’alls of vessels, in connective tissue fixed cells, and in 
macrophages A similar black discoloration in the mucosa of the 
colon and m the lower portion of the small intestme, first observed 
by Tanquerel (453), is sometimes seen 
Gastro-mtcslinal tract The common occurrence of colic in plum* 
bism has focused tlie attention of pathologists on the gastro-mtcstinal 
tract and several lesions have been reported 

In acute fatal cases, Hutton (222) states that entero-colitis results from 
the caustic action of lead, while in chronic cases a long continued gastro- 
cntentis, consisting of glandular atrophj of the stomach and small mtcstine, 
and mterlubular diffuse sclerosis, his been frequently observed (299) (243) 
Lcgge and Goadby have noted a slight degeneration of tlie muscular coats 
with infiltration and minute hemorrhages Maier (274), who also reported 
finding hemorrhages in the gastro-mtestinal tract, contributed to this list 
of changes a fatty degeneration of sccreloiy cells, enlargement of arteries, 
venous stasis, and circumscribed areas of softenmg Of special chnical 
interest are the experiments of Jores (230) in which he produced gastnc 
and intestinal ulcers in dogs by the administration of lead These are 
significant because of the frequent occurrence of ulcers in lead intoxication, 
and may suggest a metliod of investigating the mechanism by whicli such 
lesions arc formed 

Yanous pathological changes have been reported as the undcrljmg 
cause of cobc Maier beheved tliat sclerotic degeneration of the submucous 
and myenteric plexuses is the fundamental factor in its ctiologv' This 
abnormil condition of the s>mpathetic innervation of the gastro-mtcstinal 
tract has also been reported by 1 mqucrcl who described hypertrophj of 
the coclnc ganglion, and by Mosse (320) who thought that sclerosis of the 
sjonpatlictic ganglion wois always the cause of colic Both Tanquerel and 
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Oliver (337) have reported that the intestines are contracted when colic 
has occurred before death, but no description of the lesion actually responsi- 
ble for this condition has ever been given Alcock, moreover, says that he 
has never observed the contraction in human autopsies, although he fre- 
quently found it m his gumea pigs Meillere (293) beheved that lead may 
cause a general hypertrophy of all glandular appendages of the gastro- 
intestinal tract followed by atrophy which gives the senile appearance to the 
tissues; but he emphasized that most of the lesions described by investiga- 
tors might very well be due to alcohol and that their significance in the 
diagnosis of lead poisoning should be questioned. 

Liver, The role played by lead in the production of hepatic lesions 
is of considerable interest because of the importance of the hver as an 
eliminator of lead, especially of lead which enters the system by 
way of the mouth, and because of the supposed relationship of lead 
to the production of cirrhosis of the liver 

Several types of lesions of precirrhotic or cirrhotic character have been 
described Hutton, Potain (364), and Alcock have reported the occurrence 
of atrophy of the hver cells, fatty degeneration or infiltration, and intercell- 
ular or interlobar cirrhosis, and Legge and Goadby add that small areas of 
exudation and hemorrhage may also be seen Kussmaul and Maier be- 
heved that lead acts directly on the portal vessels, but Hanot and Char- 
pentier (197) thought that the hepatic cells themselves were directly 
affected Meillere states that penportal cirrhosis may be produced experi- 
mentally by lead, but Ophuls (340), who worked with guinea pigs, never 
saw this lesion In his animals a marked necrosis of cells was foEowed by a 
collapse of the tissue and dilatation of vems, which he called “chronic focal 
atrophy.” To this he never attached much importance, for he believed 
that the only condition attributable to the action of lead was hematogenous 
pigmentation of the organ. With very large doses of lead acetate Mallory 
(277) produced basophihc instead of acidophihc hyalme lesions wthm the 
hepatic cells, necrosis and phagocytosis of these cells, and saw evidences 
of regeneration m the mitotic figures within some of them Striking definite 
cases hke that reported by Seehgmuller (412) are rare He found evidences 
of hepatic cirrhosis in the liver of the new-born child of a lead worker and 
recovered lead from the organ 

The relationship of lead to so-called alcoholic cirrhosis has been 
the subject of much controversy. It is a far cry from Chauffard’s 
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(78) belief that all arrhosis of the liver in plumbism is really caused 
by over-use of alcohol, to ilallory’s statement that all arrhosis 
attributed to alcohol may be due to contaminatmg lead In spite 
of all the pathological conditions which have been noted m plumbism, 
the consensus of opinion among pathologists who have studied lead 
poisoning confirms Oliver’s view that post mortem e\ammation of 
the liver reveals no changes speafic for lead 
Eearl The heart, as might be expected from clmical observation, 
shows nothing remarkable as a result of lead intoxication Such 
cardiac lesions as hypertrophy, secondary to supposed vascular 
and renal changes (347), myocardial degeneration followmg hemor- 
rhage (252), and even brown atrophy (243) have been described, 
but most observers believe that the heart undergoes no real change, 
certainly none due to the direct action of lead (337) 

Vascular system With respect to the effect of lead on the rest of 
the vascular system, however, there is much less agreement 

As previously mentioned, the blood vessels have been considered the 
pnncipal pomt of attack of lead chiefly because of the work of Lcgge and 
Goadby, who desenbed the occurrence of penvenule hemorrhages But 
even before these investigators presented their view, Henle (208), Heubel 
(213), Maier (274), Hitzig (218), Rosenstem (390), Elsclinig (114), and 
others beheved that the vascular system was first involved Elschnig 
thought he could demonstrate an actual degeneration of the unstnped 
tausde of the vessels Evenartentis, sometimes to an obliterating degree, 
has been reported (463) In this connection it is of interest to note the 
case ated by Kazda (232) of a patient witli gangreneof the legs supposed to 
be due to lead arteritis Despite all this evidence and the fact that Goiiget 
(175) observ ed aortitis in one of his guinea pigs, it is notew orthy that Ophflls 
never was able to produce vascular lesions experimentally Altliough the 
general clinical opinion holds that artenosderosis is a result of chronic 
plumbism, this idea is based entirelj on tlie occurrence of tins condition in 
many post mortem examinations That arteriosclerosis is mudi more 
frequent in those exposed to lead than in other individuals of the same age, 
however, needs much more statistical proof before it can be accepted 

Tvidiiey The effect of lead on the kidney is of very great practical 
importance both with respect to neplmtic condihons and also be- 
cause of tlie possible uremic ongin of encephalopathy Two types 
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of lesions have been reported, an acute and a chronic nephritis. 
Oliver descnbes an acute tubular nephritis characterized by cloudy 
swelling and fatty degeneration of the tubules ndth destruction of the 
cells. Occasionally cellular proliferation m glomeruh appeared with 
leucocytes gathered around the afferent vessels. In some cases (222) 
an atrophy of the glomeruli with hyaline degeneration of the vessels 
has been seen The chronic nephritis supposed to be caused by 
lead presents the picture of the typical secondarily contracted kidney, 

Charcot and Gombault (76) think the lesion is primarily an epithelial 
cirrhosis. On the other hand, Legge and Goadby maintain that such a 
condition in lead -workers has a vascular origin, but suggest that kidney 
changes have never been directly traced to lead and are probably due to 
alcohol. Such a stand is of mterest in new of the fact that Oliver, who is 
so conservative in his conclusions, states quite definitely that m chronic 
plumbism chronic interstitial nephritis -with small contracted kidneys and 
thickened arterioles is a frequent finding. 

Experimental work has not yet succeeded in deciding just what part lead 
plays in estabhshing nephritic conditions. Experiments were earned out 
by Ophuls who used gumea pigs in an effort to produce renal lesions He 
found pathological changes in the distal convoluted tubules, consisting of 
granular degeneration, pyknotic nuclei and necrotic cells There were also 
many epithehal casts and some evidence of regeneration of the epithelium. 
However, he very significantly points out that this entire picture was fre- 
quently seen in his control animals He therefore holds that the only 
constant, but very hmited, lesion is some degeneration and fibrous 
thickening of the glomeruli which he did not see m the normal guinea 
pigs 

The only attempt to study “lead nephntis” statistically has been made 
by Mach-witz and Rosenberg (272) They investigated the relative inci- 
dence of Bright’s disease in lead workers compared to other laborers and 
found that of thirty-six cases of “mahgnant sclerosis” seventeen occurred in 
laborers, nine of whom had worked with lead They also quote Volhard 
who reported that four of his thirty-six patients with Bnght’s disease vere 
lead workers These are the only available statistical reports of the inci- 
dence of nephritis in lead workers and because the figures are so scanty no 
definite conclusion can be drami from them Here, as in the case of arterio- 
sclerosis, the accepted chnical opinion that lead can cause chrome mter- 
stitial nephntis is far from conxincmg Certainly the urinary, blood pres- 
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sure, and blood chemistry findings hardly point to a marked kidney 
involvement This is all the more interesting because of unnary excre- 
tion of lead 

Brain The seventy of lead encephalopathy with its uncontrol- 
lable symptoms and high mortality makes the question of the action 
of lead on the nervous system of more than passmg interest A full 
discussion of the possible pathogenesis of encephalopathy will be 
given m section XVI, but in this section only the different patho- 
logical pictures described by vanous observers will be reviewed 

The bnm has been seen by lanous workers to be shrunken, firm, pale, 
sometimes edematous, often icteric, and the convolutions maj be flattened 
or atrophied (4S3) (293) (337) Considerable attention has been paid 
to the microscopic picture of the brain in encephalopathy Hutton men- 
tions tliat artenosclerosis and arteritis ma> be found, and hlott, Lcgge 
and Goadbj , and Courtne> (85) have observed disseminated hemorrhages 
in the perivascular spaces after chronic encephalitis They thought these 
were caused by arterial and venous degeneration, and considered them the 
characteristic lesion of this condition Mott, in his case, saw marked 
hyperplasia of the neuroglial cells Round cell infiltration has also been 
noted, but frequently w'hen the picture is compheated by sv^ihilis, as in two 
of our cases 

Perhaps tlie most important contnbution to this subject has been 
the exarmnation of the cercbro-spmal fluid of encephalopathic 
patients by Mosny and Malloizel (316), Norton (332), and Boven (50) 

These investigators report a constant pleocytosis (approximately 100 
lymphocytes per cubic millimeter cercbro-spinal fluid), an increased quan- 
tity of globulm, and increased pressure Hassin’s (203) careful pathological 
examination of brains after uncompheated lead encephalopathy gav e results 
which fit in well with these observations He saw marked proliferation of 
fibrous tissue and blood v essels m the pia-arachnoid space, especially near 
the cerebellum, optic chiasma, and temporal lobe, and infiltration bj 
lymphocj tes and plasma cells in the relatively acute cases Tlie paren- 
chjTna was onl> very slightly afiected, and was described bj Hassm as 
follows “The glia cells, like the pia-arachnoid, showed marked progrcssiv c 
changes, increased size of nuclei, abundance of chromatin and c> toplasmic 
processes, and a great proliferation of gha nuclei gathered in rows or clusters 
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They usually contained fat and frequently mvaded the ganglion cells 
Most of the latter were well preserved, some showong chromatolytic changes, 
vacuolation and neuronphagic phenomena ” He found that although this 
proliferation of blood vessels was most marked in the menmges and choroid 
plexus, it occurred to some extent in the cord, cerebellum, mid-bram, cortex, 
subcortical white substance, and large ganglia, and was not only an endo- 
thelial and adventitial overgrow'th, but also a formation of new capillanes 
Signs of penvascular infiltration were, however, strikingly absent After 
a consideration of all these microscopic findmgs Hassin concluded that 
lead encephalopathy contrasts sharply with infiltrative, infectious encephali- 
tis In plumbism the menmges, the base of the brain, the cerebellum, the 
optic chiasma, and the temporal lobe are mvolved, while epidemic encepha- 
htis affects chiefly the mid-brain In his opinion round cell infiltration m 
lead encephahtis is merely the manifestation of a reacbon against the 
imtatmg substance, and is charactenstic of the more acute form of the 
disturbance It is interestmg that Hassm makes no mention of the hemor- 
rhages which play so large a part in many neuropathological descripbons 
of lead encephalopathy 

The question, therefore, anses whether lead encephalibs is not 
really a meningo-encephalopathy, which is primanly a chrome pro- 
duebve meningitis, characterized during acute exacerbations by a 
degree of round cell infiltration varjong with the severity of the 
attack. Certainly most of the recent pathological and climeal 
pathological observations seem to bear out this theory. 

Spinal cord The occurrence of a type of amyotrophic lateral 
sclerosis in lead poisomng makes a study of the pathology of the 
spmal cord of value Gross changes have never been observed (453), 
but many microscopic alterations have been found A change most 
constantly seen and most closely related to the clinical picture of 
muscular atrophy is the degeneration of the anterior horn cells 
(210) (443) (293) (321) This is characterized by vacuolation of 
the ganglion cells, perinuclear chromatolysis, fatty pigmentation, 
and marked shrinking of the ceDs 

Hutton reports that follo'mng degeneration of nerve fibers there is an 
mcreased neuroghosis and proliferation of connecbve bssue Catalano, 
and Legge and Goadby desenbe the occurrence of punctate hemorrhages 
within the cord also, and Hitzig states that inflammation of blood vessels 
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IS an important and common lesion A lymphocytic infiltration around the 
adientitia of the artenes has been reported bj Mott, and some observers 
have found that distention and actual alteraUons of the venules may be 
seen The older invespgators believed that nuclear proliferation occurred 
frequently (313) (406) (490) 

In cases of atrophic paralysis, therefore, the lesion is probably 
amvotrophic in character and may perhaps include some sclerosis 
of the lateral columns 

Peripheral ncnscs Perhaps no question in the pathology of lead 
poisomng has been the subject of so much controversy as the site 
of the action of lead in palsy Although typical lead paralysis is not 
of the atrophic type just described, but resembles so-called peripheral 
neuritis, it has been attnbuted by some authors to cord lesions How- 
ever, the consensus of opmion seems to confirm the peripheral loca- 
tion of the lesion and is based upon the observation of very distinct 
changes in the penpheral nerv'es themselves 

Tlic older writers, especially \ on Monokow, Schultze, Wcstphal, and 
Eichhorst (108), were impressed woth nuclear prohfention especially around 
the \cssels Eichhorst also believed that the blood vessels were thickened 
and thought, as did Mcillere and Dtj6rmc-Klurapke (92), that the essen- 
tial lesion was a homogenous degeneration of the sheath of Schwann — a 
typical Wallerian degeneration Dcj£nne-Klumpke, quoting Gombault 
(171), emphasizes diat the lesion is essentially pen axial in character, and 
that the axis cylinders themselves are not invoKed Except for Lcgge 
and Goadby, who found mmutc hemorrhages in the penpheral nerx'cs, most 
worVers agree that the usual picture is that of atrophic, degenerative 
neunlis with subsequent fibrosis 

The broad significance of these pathological changes xvill be dis- 
cussed with the probable mecliamsm which produces lead palsy 

Mnseks Because of its importance in Uie explanation of lead 
palsy the pathological condition of the musdes ments careful con- 
sideration Varyang degrees of atrophy have been obserxed by most 
workers (293) (247) (111) (199) (149) (231), and this condiUon is 
generally aecepted as a constant accompaniment of lead paraUsis 
(224) It IS, howexer, of considerable sigmficance that these musdes 
do not merely undergo srniple atrophy, but that tlie diangcs are 
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quite similar to those seen in the nerves which supply the affected 
muscles. 

ThuSj Legge and Goadb}’- foimd minute hemorrhages scattered through- 
out the muscle, Goadby (252) saw fatty degeneration, and nuclear prolifera- 
tion of the perimysium and loss of cross stnations and granular degenerabon 
have been described by various authors (111) (171) (156) (83) (406). 
Most investigators who have examined the muscles agree with Messing (301) 
that the lesion is a chronic, degenerative, parenchymatous myositis, with 
fibrous tissue replacement, and that the changes are not merely secondary 
atrophy fohovdng nen-e lesions, but are caused directly by the action of 
lead 

Blood A detailed description of changes in the blood during lead 
poisonmg more properl 3 ' belongs m the chapters dealing wdth the 
clinical and physiological aspects of the disease, and wiU, therefore, 
be omitted here But at this point the observation first made by 
Laennec (244) of the pallor of body tissues after death from lead 
poisoning and of a diminution of blood in the vessels should be men- 
tioned 

Spleen As might be expected from the marked hemolytic action 
of lead, the spleen frequently shows increased pigmentation due to 
destruction of blood (177) (230). Legge and Goadby state that in 
their animals the venous sinuses of the spleen were distended with 
blood. Galvini (151), the only other investigator who reports 
changes, describes the occurrence of chrome atrophy Oliver be- 
lieves that there are no noteworthy changes in this organ due to 
plumbism. 

Bone marroio Until recently the entire subject of lead anemia 
has been quite unexplamed Lesions of the bone marrow have been 
suspected as the underljnng cause of this condition 

Stockman and Chartens (445), by admmistenng lead to animals, pro- 
duced a decrease m the number of fat cells and, after very large doses, 
observed gelatinous degeneration of the bone marrow. Except for Rai- 
mondi (373), no other mvestigators have obtamed such degeneration 
In fact, Cadvalader (60) m his one patient, and Ophuls in aU his ammals, 
report that a hjmerplasia occurred which included themyelocj’-tes, nucleated 
red cells, and occasionally the megaloblasts Ophuls also states that there 
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IS increased hematogenous pigmentation of the bone marrow during lead 
poisoning Wolff (496) has given a similar mterprctation of the changes 
He believes that the number of young blood cells increases vvitliin the 
manovv because of a sudden and excessiv e demand occasioned by peripheral 
destruction of the blood cells, and he giv cs no ev idcnce that lead injures the 
marrow directly In the light of the clear expenmental evidence for 
destruction of circulating red blood cells during lead poisoning, tins hy- 
pothesis IS of importance 

Bone The storage of lead in the bones appears to have little or 
no effect on their structure Various pathological conditions have 
been desenbed from tune to tune but none of them has been proved 
to have any direct relation to the action of lead on skeletal tissue 

Tanquerel, by gross inspection, could find no abnormal condipons in the 
joints to explain the frequent development of ardiralgia during plumbism 
Levvy (264) believ ed Uiat lead could cause necrosis of the bone, and his belief 
IS confirmed to some extent by the common occurrence of canes of the teeth 
in lead workers Osier reported that gouty deposits in the big toe joint 
might be seen m cases of lead poisoning and thought that the madence of 
gout was higher than normal among people who had been exposed to lead 

None of these observations demonstrates that there is any con- 
sistent alteration of bone dunng plumbism, and this seems to support 
the physiological view that while lead is stored in the bones it is 
harmless 

Lungs The supposed prevalence of respiratory diseases among 
lead workers, particularly of pulmonary tuberculosis, might lead one 
to expect frequent lesions of the lung in individuals exposed to lead 

Lewj believed that acute asthma, characterized by degenerapon, inflam- 
mation, and necrosis of the bronchial mucosa, was a common form of trouble 
in lead poisoning and stated that this disturbance frequently develops into 
chronic bronchips, and Greven desenbed endartenps in the lungs of his 
nbbits Gilbert U64) has also reported that lesions ma> appear in the 
hmgs as the result of exposure to lead 

But by far tlie greater proporPon of evidence tends to show, m 
agreement with Ohver’s sPatements, that no tvpical pathological 
changes occur in the lungs as a result of the aePon of lead 
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Generative organs Like S 3 rpliilis, lead may cause sterility, abortion, 
and defective issue Although exposure of either parent to lead 
may produce these results, no pathological changes have ever been 
noted in the ovary In the male, on the other hand, gradual dis- 
appearance of spermatozoa from the gonad, and degeneration and 
atrophy of the germinal epithelium are frequently seen (486) (32). 
This picture may occur, however, in many conditions other than 
lead poisoning Bell reports that lead causes degeneration of the 
choriomc epithelium This, in addition to the action of lead on the 
uterus itself, must be considered a cause of abortion which is so com- 
mon among lead workers and among women who take diachylon to 
cause this condition 

Salivary glands A few isolated observations have been made 
on the condition of the salivary glands in lead poisoning 

Apert (11) believes that lead causes a simple hypertrophy of the parotid 
gland and occasionally inflammatory lesions of the ducts Rarely pen- 
glandular sclerosis has been seen Allevi (7) thinks that infection of the 
gland by way of the mouth is a frequent comphcation of lead poisoning 
Lesions m the other sahvary glands have never been descnbed 

Glands of internal secretion Very little has been pubh'shed about 
the effect of lead on the glands of internal secretion, probably be- 
cause these had not attained their present importance at the time 
when most of the pathological studies were made The only lesion 
descnbed in the literature is h 3 rpertrophy of the suprarenal cortex 
(35) (74) (175) 

Special senses The eye is the only sense organ in which lesions 
have been found in lead poisoning Such various pathological 
changes as retmal hemorrhages and acute neuro-retimtis, diarac- 
terized by swollen, hyperemic discs have frequently been observed 
Optic atrophy, however, is the most commonly described lesion 
(222) (454) 

Gibson (157) beheves that this condition is due to mcreased cerebro- 
spmal pressure Mosny and Hamer (317) report the occurrence of retmal 
exudation m one case, but they drought that this might be merely the mam- 
festation of a compheatmg albummunc retmitis Some of the temporary 
amblyopias have been asenbed to spasms of the blood vessels 
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Serous mcmlraitcs No reports of pathological conditions m the 
serons membranes of man during lead poisomng have been pubhshcd 
in the literature, but Ophuls has produced experimentally a sero-fibn- 
nous polyserositis This he believes is caused by increased per- 
meability of the blood vessels and fibrous proliferation 
Site of injection of lead Kumita (242) states that at the site of 
injection of lead salts calcification occurs in rabbits 
Conclusion No classification of the vanous lesions caused by 
lead can escape criticism, but it seems wise to group the vanous 
findmgs mth conservative caution into the four following classes 
(a) lesions which are found constantly and arc caused by lead, (h) 
lesions which frequently occur and are caused by lead, (c) lesions 
frequently seen in subjects wiUi evidences of lead absorption, and 
(d) lesions which have been reported to occur occasionally in sub- 
jects with evidences of lead absorption and which may possibly be 
caused by lead Under these headmgs the pathology of lead poison- 
ing may be summarized as follows 

A Lesions found constantly, due to lead 

1 Blue line 

2 Anemia and stippling 

B Lesions found frequently, due to lead 

1 Degeneration of anterior homcclls 

2 Peripheral neuritis 

3 Chronic muscular atrophy and fibrous myositis 

4 DegeneraPon of male gonads 

5 Decrease in fat cells of bone marrow and hyperplasia of Icuco- 

blasts and cry throblasts 

6 Productise meningitis 

7 Blue patches on mucosa of large and low er part of small intestine 

8 Optic atrophy 

C Lesions seen frequently in people with evidences of lead absorption 

1 Artcnosclerosis 

2 Ulcers of stomach and intestine 

3 Contracted small intesPncs 

1 Tubular nephritis or chronic intersptnl nephritis 

5 Hemorrhages and exudate of retina and ncuro-retinitis 
D Lesions which have been reported to occur occasionally in people wath 
eiiduices of lead absorption or lesions possibly due to Itad 
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1, Vascular hemorrhages 

2 Cardiac hypertrophy, hemorrhages, brown atrophy 

3. Degeneration of unstriped muscle of vessels 

4 Penvenule hemorrhages 

5, Arteritis 

6 Gangrene of extremities 

7 Entero-colitis, acute or chrome 

8 H}T)ertrophy or sclerosis of sjunpathetic ganglia 

9. Inflammation and mfection of parotid gland 

10 Degeneration, atrophy, cirrhosis of liver 

1 1 Hematogenous pigmentation of liver and spleen 

12 Hj'pertrophy of spleen due to erythrophagia or atrophy 

13 Hemorrhagic encephahtis 

14 Neuroglial hyperplasia 

15 Cerebral and spmal cord l 3 miphocytic infiltration 

16 Hemorrhagic myositis, fatty degeneration 

17 Increased pigmentation of bone marrow and gelatmous degenera- 

tion 

18 Acute or chrome bronchitis 

19 Gouty deposits and necrosis of bone 

20 HjTiertrophy of suprarenal cortex 

21 Hemorrhagic and sero-fibrmous polyserositis 

22 Calcification about local mjection sites 

An examination of this pathological picture of lead poisomng in- 
dicates quite clearly that defimte information about the action of 
lead can hardly be obtained from such a study The effect of lead 
might be considered too subtle to jueld to this type of investigation. 
Certainly, many biological effects are evident which produce no 
apparent gross or microscopic lesions The conclusion must be 
drawn, therefore, that further knowledge of the action of lead on 
the orgamsm can only be reached by physiological and chemical 
methods which deal with hving rather than post mortem conditions 

Part III Physiology 

XI ETFECIS OF LEAD ON BLOOD CELLS 

Changes in the blood are often the first and most important sign 
of lead poisoning in man These effects of lead are stippling and a 
secondary anemia. Although not an absolute indication of the 
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seventy of the condition, the degree of the anemia and stipplmg of 
red corpuscles charactensibc of plunibism -usually runs parallel to the 
state of hcaldi These alterations in the blood doubtless contnbute 
in some measure to the general debility, and therefore possess distinct 
dimcal importance in diagnosis and prognosis Furthermore, the 
mechamsm of their development throws light on many problems of 
biological interest 

Stippling of red blood corpuscles Stipplmg of tlie red blood 
cells, or punctate basophiha, has long been recognized As early 
as 1885 Ehrhcli (107) described this condition as the presence 
of basophilic granules in certain red cells Its association mth 
lead poisoning was, honever, first pointed out by Behrend (30) 
in 1899 Ihe attention of many investigators was immediately 
focused on the study of stipplmg, its causation, its relationship to 
other basophilic conditions such as polychromatophilia and reticula- 
tion, and more espeaally its significance Because of the completeness 
of the recently published work of Pappenheim (351), and Naegeli 
(326), a detailed account of the results obtained and the theones 
evolved is unnecossarj' here, but it may be of value to point out 
some of the salient features of the problems inv olved and to suggest 
their sigmficancc Tins has been done by Key while working m this 
laboratory, and the following account of stipplmg is in the mam 
his review of the subject 

Three gener il questions as to the character of stipphng must be 
considered before discussing its occurrence during lead poisoning 
(a) are the basophilic granules derived from nuclear or cytoplasmic 
substance, (fi) are the dnnges caused by degeneration or regeneration, 
(c) are these granules related to other basophilic substances, poly- 
chromatophilia, and reticulum? After these problems have been 
solved, the action of lead m the causation of stipphng may be studied 
as a specific cvamplc of a general process taking place in the blood 

Ongin, formation, and relationship of basophilic granules The 
derivation of basophilic granules in the red blood cells was one of the 
first problems studied 

Ehrlich ( 107 ) believed stipphng to be of cvloplasraic origin and ViOS 
supported in his view by Smith ( 433 ) and Foa ( 145 ) Askanary ( 13 ), 
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1. Vascular hemorrliages 

2 Cardiac hypertrophy, hemorrhages, hro^vn atrophy 

3 Degeneration of unstriped muscle of vessels 

4 Penvenule hemorrhages 

5 Artentis 

6 Gangrene of extremities 

7 Entero-colitis, acute or chronic 

8 Hypertrophy or sclerosis of sympathetic gangha 

9. Inflammation and mfection of parotid gland 

10 Degeneration, atrophy, cirrhosis of hver 

11 Hematogenous pigmentation of liver and spleen 

12 H 3 ’pertroph 5 ’- of spleen due to erj’^throphagia or atrophy 

13 Hemorrhagic encephahtis 

14 Neuroglial h 3 'perplasia 

15 Cerebral and spmal cord l 3 Tnphocytic infiltration 

16 Hemorrhagic myositis, fatt 3 ’- degeneration 

17. Increased pigmentation of bone marrow and gelatmous degenera- 
tion 

18 Acute or chronic bronchitis 

19 Gouty deposits and necrosis of bone 

20 H 3 'pertrophy of suprarenal cortex 

21 Hemorrhagic and sero-fibrmous potyserositis 

22 Calcification about local injection sites 

An examination of this pathological picture of lead poisomng in- 
dicates quite clearly that definite information about the action of 
lead can hardly be obtained from such a study The effect of lead 
mi ght be considered too subtle to yield to this t 3 q)e of investigation 
Certainl 3 ’-, many biological effects are evident which produce no 
apparent gross or microscopic lesions The conclusion must be 
drawn, therefore, that further knowledge of the action of lead on 
the organism can only be reached b 3 '’ physiological and chemical 
methods which deal with living rather than post mortem conditions 

Part III Physiology 

XI. EFFECTS OF LEAD ON BLOOD CELLS 

Changes in the blood are often the first and most important sign 
of lead poisoning in man These effects of lead are stippling and a 
secondar 3 ’- anemia. Although not an absolute indication of the 
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seventy of the condition, the degree of the anemia and stipphng of 
red corpuscles charactensitic of plumbism usually runs parallel to the 
state of health These alterations in the blood doubtless contnbute 
in some measure to the general debility, and therefore possess distinct 
climcal importance m diagnosis and prognosis Furthermore, the 
mechamsm of their development throws light on many problems of 
biological interest 

Stippling of red blood corpuscles Stipplmg of the red blood 
cells, or punctate basophilia, has long been recognized As early 
as 1885 Ehrlich (107) descnbed this condition as the presence 
of basophilic granules in certain red cells Its assoaation with 
lead poisoning was, however, first pointed out by Behrend (30) 
in 1890 The attention of many investigators was immediately 
focused on the study of stippling, its causation, its relationship to 
other basophilic conditions such as polychromatophilia and reticula- 
tion, and more espeaaUy its significance Because of the completeness 
of the recenllj published work of Pappenbeim (351), and Naegeli 
(326), a detailed account of the results obtained and the theories 
evolved is unnecessary here, but it may be of value to point out 
some of the salient features of the problems involved and to suggest 
their significance This has been done by Key wlule working m this 
laboratory, and the following account of stippling is in the mam 
his review of the subject 

Three general questions as to the character of sUppling must be 
considered before discussing its occurrence dunng lead poisorang 
(a) are the basophilic granules derived from nuclear or cytoplasmic 
substance, (6) are the changes caused by degeneration or regeneration, 
(c) are these granules related to other basophilic substances, polj- 
chromatophilia, and reticulum^ After these problems have been 
solved, the action of lead in the causation of stippling may be studied 
as a specific example of a general process taking place m the blood 

Origin, formation, and relationship of basophilic granules The 
derivation of basophihc granules in the red blood cells was one of the 
first problems studied 


Ehrhdi (107) believed stippling to be of cvtoplasmic origin and was 
supported in his vaew by Smith (433) and Toa (145) Askanazj (13), 
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however, in his earlier work thought that he could demonstrate all transi- 
tions between polychromatophilia, stippling, karyorrhexis, and karyolysis, 
and brought forth the theory that the granules of stippling are nuclear 
fragments This latter view was generally accepted until Grawitz (176) 
and his school demonstrated its mvahdity by showing quite conclusively 
that the granules are of cytoplasmic origm This proof of the correctness 
of Ehrhch’s theorj’- is based on the complete independence of basophihc 
granules and nuclear substance Not only have true direct transitions 
between nuclear fragments and stippling never been observed, but the 
granules are frequently seen in corpuscles with intact nuclei and m erythro- 
blasts during mitosis Furthermore, stippling occurs m blood contammg 
no normoblasts (i e , dunng lead poisoning), but it is completely absent 
in the bone marrow^ W'here nucleated red cells are most abundant Grawitz 
finally pom ted out that the granules have none of the characteristics of 
nuclear substance — they cannot be photographed with ultra-violet hght, 
they are not stamed with Ehrlich’s tn-acid mixture, and they do take a red 
stam with Pappenheim’s methyl green pyromn. 

Sincb the cytoplasmic origin of these basophilic granules has been 
definitely established, the question of the nature of their production 
may be considered 

That stipphng is a regenerative process, was the view held by Engle (119) 
because of the appearance of stippled cells m the embryo He beheved 
that the presence of basophilic granules in the adult signified a return to the 
embryonic type of blood formation and was supported in his opmion by 
Naegeli (326), Koenig (239), and Askanazy (14) Most workers now, how^- 
ever, support the view that stippling is produced by degeneration The 
absence of punctate basophiba in tlie bone marrow (482) ri76) (351) (228) 
(14) (233) (234) as well as tlie even more significant fact that stippling is 
associated with pathological processes (176) (249) (30) (377) (398), renders 
its degenerative character quite probable 

To understand clearly the nature of stipphng, its relation to the 
various other basophihc substances of the cytoplasm must be studied 
Many evddences of the close alliance to the polychromatophihc 
substance may be found, and these have been summarized by Key 
as follows 

#« 

The same fixatives are effective for both, and the same differential stams, 
Botli are soluble in alkalies, and insoluble m water and I'arious acids, both 
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contain potassium, but neither contains iron, using McCallum’s (287) 
method for the detection of these elements, and both give a slightly posiUve 
Millon’s test Fmally, in a single preparation aU transitions between 
polychromatophdic cells, stippled polychromatic and stippled ortho- 
chromatic cells may be demonstrated Reticulum also has the same stam- 
ing and chemical characteristics Its relation to stippling maj be demon- 
strated by drying smears mcompletcl> and staining them in an isotonic 
medium In such preparations all stages betneen sPppled fragments and 
typical reticulum may be obsen’ed Bv incomplete fixation with osmium 
tetroxide \apor all transitions from fragmentation to diffuse polychromato- 
philia (233) may be demonstrated Consequently the close relationship 
between stipphng, reticulum and the polychromatophihc substance is 
apparent 

The general significance of stipphng All the facts thus far men- 
tioned point strongly toward the tnew that stipphng is a granular 
degeneration or coagulation of basophihc substance To throw more 
light on this question. Key (234) performed some interesting and 
convincmg experiments which have an important bearing on the 
significance of stipphng 

He adramistered lead to tw o groups of rabbits — one normal and the otlier 
made anemic by prciuous intermittent bleedmg In normal ammab the 
marked reduction m the number of red blood cells which occurred promptly 
after ginng lead was follow ed b> a stnkmg mcrcase m the number of ar- 
culating ) oung cells Tins indicates that the anemia was caused pnmanly 
not b\ suppression of bone marrow activity but by destruction of existing 
blood cells In the anemic group of animals the diminution m the red cell 
count after exposure to lead was much less than in those wluch were not 
bled In fact, m some of the anemic rabbits there was a transitory nse m 
the cell count aboic that obtamed before lead was given This Key 
explamed ns due to a probable stimulation of bone marrow The nature 
of tins stimulation is not definitely 1 noivn but may depend on the fact Uiat 
the frequent bleedings make constant demands upon the bone marrow and 
render it hyperactive In such a condition a transitory and slight destruc- 
tion of blood by lead might call forth excess blood formation v cry rapidly 
Stipphng appeared in the blood ot both groups of animals inthm twenty - 
four hours after admmistration of lead and persisted for ten days to three 
weeks or more Simultaneous counts of the red, reticulated, and stippled 
cells demonstrated the very significant fact that the number of stippled 
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cells vanes directly with the number of young cells and is much greater in 
anemic than m normal animals. 

By these experiments on rabbits, Key practically proved that 
stippled cells are young red corpuscles which are exposed to lead 
and that the granules are probably aggregations of part of the 
basophihc substance into small discrete masses This reaction is 
probably depnerative in its nature That stippling is not an artefact 
produced by staimng, Key demonstrated by examimng fresh blood 
under the microscope In this he found cells containing shghtly 
refractile clear masses exhibiting Brownian movement The number 
of these corresponded roughly to the number of stippled cells present 
in stained preparations of the same blood He also thought that 
by a modification of the Mcjunkin (290) method of staimng he could 
demonstrate that stippling is not precipitated lead within the cell 
because many stippled cells contained no black granules of lead 
sulphide and most of the cells containing these granules were not 
stippled Moreover, both stippling and preapitated lead may occa- 
sionally be seen within a single cell 

This method consists of fixing smears of blood in a mixture of alcohol 
and ether for twenty-four hours and exposing them for thirty mmutes to a 
10 per cent NH4OH solution saturated with H2S They are then counter- 
stamed with eosin or, better still, pyronm It must be emphasized, how- 
ever, that the amount of lead in blood is so very small that the actual inter- 
pretation of black particles as lead sulphide must be made with very great 
caution, if at all 

This rather detailed discussion of the denvation of the granules 
in stippled red blood cells is pertinent here because it emphasizes 
the pathological nature of stipphng and its development as the result 
of a toxic action on the young cells Since stippled cells are never 
found in the bone marrow, even when they are very numerous in 
arculatmg blood, this toxic action apparently occurs peripherally. 

Suppling as a clinical phenomenon Before discussing the mecha- 
nism of the production of stippling bj’- lead, it is essential to point 
out that the presence of punctate basophiha in the blood is not a 
specific sign of lead poisoning 
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It occurs in pneumonia in infants (58), in pernicious anemia, leucemia, 
pseudoleuccmia, in the anemias due to cachena of neoplasms, and in the 
anemias caused by hemorrhage when the hemoglobin is retained in the 
organism (1 76) Suppling also maj be seen m the blood of embryos of mice 
(118), rabbits, gmnea pigs, sheep and swine (326), but is rarely found m 
human embryos (239) Hamilton (195) reports that it has been observed 
in cases of anihne poisoning Thus, suppling is not caused by the action 
of lead alone, but maj be produced b> otlicr toxins and perhaps durmg 
normal embryological conditions This suggests tliat stippling represents 
a general patliological reaction of the cell rather than some specific 
phenomenon 

But the occurrence of stippling m the red cells in these various 
other conditions is relatively rare and shght as compared with the 
frequency and intensity of its appearance durmg plumbism For 
this reason the demonstration of stippled red cells in the blood has 
come to be considered an almost defimte evidence of absorption of 
lead hlany cliniaans oven go further than this and consider stip- 
pling the most important sign for the diagnosis of lead poisoning 
(See section XVII) 

Methods of staining stippled cells The choice of methods for 
staimng red blood cells to demonstrate stippling is of importance, 
because unsuitable or poorly applied stains may fail entirely to show 
basophihc granulation 

Ordinary differenUal stains such as Wnght’s, jenner’s, and Hastmgs 
may not bring out the basophihc granules even when there are many 
suppled cells Ovcr-staining with these so that tlie effect of methylene 
blue IS pronounced usually demonstrates the granules Therefore, to ob- 
tain good pictures of punctate basophilia vvith these stains, the smears 
must have a distinctly blue tinge so that the neutrophihc granules stand out 
clearly Hay hurst (204) prefers Skelton's or Harlow’s method of staining 
a dned blood smear with eosin (1 per cent absolute methyl alcohol 
solution) for one minute, tfien vviUi methylene blue (1 per cent abso- 
lute methyl alcohol solution) for one minute, and waslimg free with water 
Schwarz (407) recommends the exammalion of a thick blood smear for a 
rapid diagnosis, and Seiffcrt (415) suggests staining the unfixed smear 
with LocClcr’s methylene blue This latter mctliod is very objecUonable, 
according to Lngtl (US), because unfixed smears stained with methvlene 
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blue show many granules m normal cells Seiffert (416), however, beheves 
that real stipphng can easily be differentiated from these false granules. 
These “pseudo” granules are pale, rather irregular, and are usually seen in a 
network of reticulum, while true granular basophiha is very dark and may 
be intensified m the fixed preparation To be significant in the diagnosis 
of lead poisonmg Seiffert holds, true stippled erythrocytes must he found 
in every five or six fields. Schreiber (405) uses fresh preparations of blood 
which are stamed with a complex “combmed briUiant cresyl blue Giemsa 
dye,” and Sellers (417) mixes a drop of fresh blood with a drop of 1 in 500 
methylene blue on a slide In our work the best results m demonstrating 
the granules were obtamed with Unna’s alkaline methylene blue solution, 
which has been employed by many investigators in this field It consists 
of one part methylene blue and one part potassium carbonate per hundred 
parts of water, and is used as follows Dned thin blood smears, which 
have been fixed with methyl alcohol and dned, are flooded with a 1*15 
dilution of the stam and allowed to stand for fifteen minutes The stain is 
then washed oflf with water until only a faint bluish green tinge remains 
When prepared m this maimer the red corpuscles appear light greenish 
blue, the nucleus of leucocytes and the basophihc granules dark blue The 
stippled cells usually are somewhat polychromatic 

The genoal biologtcal problems i elated to stippling As this survey 
shows, some of the fundamental problems of stippling are still un- 
solved, and several questions of both biological and practical signi- 
ficance merit further investigation For instance, basophihc granules 
are considered to be denved by some degenerative process from the 
basophilic substance of young corpuscles which normally gives the 
cells their polychromatophilic appearance But lead has never been 
known to produce stippling tn vitro (393) (439) (234) Another 
suggestive problem is the apparent restriction of stipplmg to certain 
speaes In man, rabbits, guinea pigs, and rats, lead poisoning is 
characterized by the appearance of basophilic granules in the red 
blood corpuscles, but in the blood of cats, chickens, pigeons or am- 
phibia stipphng has never been produced (234) (303) (196) (328) 
in spite of the fact that the corpuscles of amphibia and birds are 
known to contain basophihc substance. White and Pepper (491) 
report an atypical stipphng in dogs poisoned vdth lead The granules, 
however, were brought out after heatmg the smears and were clumped 
and large, quite unlike the usual picture Also the fact that they 
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descnbe stippling m bone marrow cells, which has not been obtained 
by other workers, makes their finding of stippling m dog's blOod very 
questionable In our work innumerable examinations of rabbit’s 
(234), rat’s and man’s blood have demonstrated without question 
the occurrence of punctate basophilia m these species but distinct 
stippling has never been seen m the blood of cats even w hen symptoms 
of plumbism are very marked It is true that occasionallj a sug- 
gestive mottlmg appeared but certainly no defimte stippling The 
broader significance of this will be emphasized later in a discussion 
of the relation of stippling to other blood changes caused by lead, 
but It IS suffiaent here to indicate that failure to produce stippling 
in mlro suggests that this is not a simple phenomenon Furthermore, 
the occurrence of stippling in some animals and its absence m others 
unphes a biological and perhaps chemical vanation between red 
blood cells of different species 

Anemia The other important change in the blood caused by lead — 
the anemia — has long been recogmzcd and repeatedly demonstrated 
As early as 1831 Laennec (244) described pallor of tissues and thinness 
of blood in cases of plumbism at autopsy In 1840 Andral and 
Gavarret (8) first actually counted the number of red blood cells 
dunng lead poisoning and found the count much lower than normal 
Now an erythrocyte count is a routmc climcal procedure in lead 
intoxication In fact, in some experimental w ork anemia is considered 
an index of the degree of lead poisomng in the animals A study 
of lead anemia is important not only because of its climcal significance, 
but also because a clear understanding of the action of lead on tlie 
red blood corpuscle, as an isolated cell, throws considerable light 
on the mechamsm of its reaction with other body cells 

This anemia has been attributed both to peripheral destruction 
of blood and to lesions m the bone marrow whicli result in msufficient 
production of blood cells 

The latter explanation was supported by Raimondi (373) and by Steel- 
man and Chatteris (445) who described a prcliminarj hyperplasia of bone 
marrow followed b\ definite gelatinous degeneration Wolff (496) also 
bebcecd that the bone marrow islaffcctcd but not in the early stages of 
plumbism, while Mcilliire (293), Schmttcr (402), and Sellers (417) all stated 
tliat lead dcGiulcly injures both blood corjiuscles and bone marrow These 
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are the only workers who thought that lead may interfere with blood f 
tion. Butj although bone marrow may possibly degenerate in adv 
lead poisoning, the preponderance of evidence indicates clearly the 
anemia is probably caused by destruction of cells m the circulating bl 
a fact first suggested independently by Heubel (213) and Bouchard 
and later by Rauch ( 377 ) and others The evidence for this is quit 
elusive. Early m lead intoxication there is hyperplasia of bone ma 
and the large numbers of nucleated and reticulated red cells m circu! 
indicate that regeneration is takmg place. Key ( 234 ) has shown tl 
rabbits within twenty-four hours after the ingestion of 1 gram of lea 
number of circulating red cells decreases more than 20 per cent, but 
many nucleated and reticulated erythrocytes appear That hematop 
in lead poisoning is not unpaired can also be demonstrated by a retici 
count as a measure of young cell formation This was 6 per cent a 
per cent in two of our lead cohe patients who had red counts of ap] 
mately 3,500,000 cells These figures indicate clearly that the 
marrow was actively combating the anemia 

Excretion of the decomposition products of the red blood 
has also been studied. 

As long ago as 1871 Heubel (213) obtained evidence of the direct a 
of lead on blood by findmg increased pigment m serum, bile and i 
Meillere (293) observed a definite increase m the urinary excretion oi 
which is largely derived from red corpuscles That the presence of her 
porphyrin, a product of blood destruction, in urme is an important f 
in diagnosing plumbism is a fact more commonly known in Europe th 
this country. Brady (52), in this laboratory, demonstrated very m£ 
hematuria and an increase in the excretion of bile pigments from the 
mon duct of rabbits poisoned with lead acetate This, however, was j 
in rather massive doses, 1 8 gram by stomach tube m some expenmenfc 
125 mgm intravenously m others, and represents a very acute poiso 
In human cases, Jones (229), using the regular Lyons' method, hai 
tained similar evidence of marked destruction of circulatmg blood, 
found that the bile obtained by duodenal tube as well as the blood pli 
from several patients suffering from lead poisoning contained much h: 
concentrations of bile pigment than that from normal subjects All 1 
results pomt to the probability, therefore, that lead acts on the penpl 
blood and ordinarily has no primary inhibitory effect on hematopoiesis 

Experimental Observations. Since lead seems to affect dire 
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the corpuscles in the circulating blood, it is of prune importance to 
understand the exact chemical and physiological nature of the 
reaction For the last three years therefore, we have studied this 
problem (15) (16) (17), and many tn vitro and tn vivo expenments 
were performed which afforded an explanation of the anemia of lead 
poisoning 



Fig 24 Sodium Chloride IlEMOL'iSis Tnt Effect of Var\tng the Qoumry of 

Lead 

The curves show the cUcct on hemolysis of previous exposure for one hour of washed 
red blood cells to 

1 cc of red blood cells exposed to 0 002 mgra of Pb as chloride 

C, 1 cc of red blood cells exposed to 0 004 mgm of Pb as chlonde 

D, 1 cc of red blood cells exposed to 0 01 ragm of Pb as cblondc 

E, ] cc of red blood cells exposed to 0 03 mgm of Pb ns chlonde 

F, 1 cc of red blood cells exposed to 0 OS mgm of Pb as chlonde 

A shows the action of the control normal red blood cells m Ringer solution This 
chart indicates the per cent of hemolysis m each concentration of salt solution 

Uemolysts tn hypotonic saline solution One of the most striking 
phenomena observed in tins ^vork is the increased resistance of red 
blood cells to hypotonic saline solutions after exposure to lead. 

As long ago ns 1S73 Malasscz (275) noticed not only tliat anemia nas a 
syTnptom of lead poisoning but that the blood cells were larger and thicker 
than normal Agasse-I^ont and Hcim (2) have found slightly increased 
globular resistance m cases of plumbism, and von Liebermarm (266), 
OrbSn (543), and Hayburst (205) have confirmed tins observation In an 
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elaborate mvestigation Fici (135) has recently demonstrated the phenom- 
enott in viiro. He also found that lead acetate not only increases the 
resistance of some cells to hypotonic sahne solution but makes other cor- 
puscles more fragile and suggested that these phenomena are due to the 
durect action of lead on the cell His work is very interesting in the light of 
our experiments. 

In the experiments in this laboratory, washed human corpuscles 
from defibrinated blood were used and portions of these were exposed 
to lead as lead chloride in Ringer solution, the rest being treated with 
regular Rmger solution as controls. The pH of all solutions was kept 
at 6.5 and all manipulations were so standardized that they did not 
vary from day to day In every experiment the control tests allowed 
direct comparisons — a method which gives more accurate results 
than would comparisons with an average normal The so-called 
‘‘fragility” or hemolysis tests to hypotonic saline were performed 
on the “leaded” and control cells Using this method, we found 
that exposure to a concentration of only two parts of lead, by weight, 
per million (1 cc. of corpuscles per 0 001 mgm lead) definitely m- 
creased the resistance of cells, while a solution of one part per hundred, 
thousand (1 cc of corpuscles per 0 01 mgm lead) produced so marked 
an effect that many of the corpuscles did not hemolyze completely 
in 0 1 per cent saline Normal cells, on the other hand, usually are 
completely hemolyzed by 0 25 per cent salt solution This result is 
illustrated by figure 24. It is striking that in the three tubes cor- 
responding to those in which normal cells were first destroyed, there 
was no hemolysis of the least resistant “leaded” corpuscles If 
greater concentrations of lead were used, two phenomena at once 
became evident The resistance to hemolysis increased but some 
cells were so injured that they hemolyzed upon standing even in 
normal Ringer solution, although the controls did not (fig 24) The 
action of lead is therefore double, {a) the cells exposed to lead with- 
stand greater change m osmotic tension, but {b) they break up more 
rapidly than normal cells 

If the results of a senes of these experiments dealing ivith hemolysis 
of cells in hypotomc sahne solution are plotted (fig 25) so that each 
point represents the increase in per cent of hemolyzed ceils, it appears 
clear that the cells are unevenly “leaded” or that tivo antagonistic 



LEAD POISONING 


137 


reactions are involved, one of which pernuts hemolysis m salt solution 
at concentrations above 0 225 per cent, while the other prevents 
hemolysis until the concentration falls to 0 1 per cent The invariable 
movement toward the left of curves representing hemolysis of 
“leaded” corpuscles suggests that the normal cells which hemolyze 
most easily are those most susceptible to lead and are rendered more 



Fio 2S Tbf DisiRintmov or Hemolvsis Tue Aveeacf of Ten E'CPEKiutNis wrrn 
Cells rxPOSEO to 0 01 mg« op I fad as Lead Chloride ter Cudic CrvriiiETER 
OT %V ASKED Red Beood Ceixs tor One IIokr 
C ach point represents the per cent increase of hemolysis o\ cr that in the next tube of 
greater saline concentration 

• — • normal cells ‘leaded” cells 

resistant b> its action Which cells these may be — reticulated or 
mature, young or old — has not jet been defmitelv demonstrated 
Attempts to reverse the effect of lead in changmg the hcmoljsis 
of cells in hjpotonic saline solution by “de-leading" them have 
proved unsuccessful and tlicreforc suggest that tlie lead reaction 
is irreversible Moreover, our eaperimcnts show that the salts of 
other metals (cerium, alumimum, calcium, arsenic, cadmium, copper, 
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mercury) or substances like formalin and tannic acid have no com- 
parable effect; whereas the other soluble lead salts, the nitrate and 
acetate, have the same effect as lead chloride. It is, therefore, 
probable that the action of lead on the resistance of red blood cells 
to hypotonic salt solution is an isolated phenomenon, at least in its 
intensity under these conditions Furthermore, this modification 
of the fragility of “leaded” cells in hypotonic saline solution affords a 
delicate method for the determination of the biological effects and 
chemical reactions of lead This reaction may be obtained in whole 
blood but more lead must be added than is necessary with washed 
red cells 



Fig. 26 Sopimi Chloride Hemolisis The Effect of Acute Lead Poisoning on 

Red Blood Cells in Vivo 

The cun’es represent the acUon of red blood cells wTished in Ringer solution 
A, before lead was given 

E, nineteen hours after 1 gram of lead acetate was given by mouth 
C, forty-three hours after 1 gram of lead acetate was given by mouth 


If this reaction between lead and red corpuscles has any great 
significance its occurrence in life must of course be demonstrable. 
That it is, has already been shown in man by von Liebermann (266), 
Orban (343), and Ha3’'hurst (205) who observed that corpuscular 
resistance increases during acute lead poisoning Further investi- 
gations of the resistance of corpuscles have been carried out on rabbits 
Figure 26 shows the results obtained, and demonstrates that m vino 
the corpuscles are affected just as m vitro Apparently many “ leaded ' 
cells resist tlie strain of hj'potonic saline better than the control 
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corpuscles but some hemolyze quickly even m normal saline solution 
This justifies the assumption that the phenomena studied here in 
vitro are sumlar to those v hich may occur in life and are most probably 
related to development of the anemia of lead poisomng 
Further evidence of connection between the modification of the 
hypotomc saline curve and the changes caused b> lead tn vivo is 

TABLE M 

The paralUUsm helxeen Wood mamJestaUons tn various animal species 
The effect of lead in tiio on the appearance of anemia and stippling m blood, and tn 
ttlro, on the hemolysis m hypotonic salt solution 


sPEcrts 

DISTORTIOK OT 
nYTOTOSIC 
SAttffC CCRVETO 

LETT rOLtOWINC 

1W13TOITO 

LEAD* 

APPCAKAXCE or 

ANEUtAtS UAOED 

AKOfALSt 

APPEARA.VCE Of STtPPI.rVO 
IK tEADED AKtUlLSt 

Man 

+ + 

i + 

+ 

Rabbit 


+ 

+ 

Rat 

+ + 

+ 

+ 

Guinea pig 

+ 

+t 

+t 

Dog 

Negative 

? 

?§ 

Cat 

Negate e 

Negative until 
just before 
death 

No clear cut sUp 
pling Rare mot 
Uing of cells 

Horse 

Ncgativ c 

? 

? 

Chicken 

Negative 

? 

Negative {1 


• Ml capo«cd to same concentration, 001 mg of Pb per cubic centimeter of 
vrashed red blood cells Plus means that the cur\c of “leaded” cells indicated dis 
Unctly increased resistance to hemolysis m dilute saline solutions 
t Concentrations of Pb per kilogram of animal not constant 
t Data from Sabraads, Bourret, and L^gcr (393), and from Reresma and Engling (32a) 

5 Stated bv White and Pepper (491) to be positive, Uiough not typical This obserN a- 
tion has not been repeated 

H Data from Key (231) and also from Mc>cr and Speroni (103) 

mdicated b> ilie fact that the action of lead on hemol> sis m hypotonic 
solution seems to run parallel to the appearance of stippling and 
anemia m difTerent species of animals Table 33 shous that these 
phenomena ha\c not been obscr\cd m all species but that m those 
studied all arc cither present or cnUrel> lacking Thus, m man, 
rabbits, guinea pigs, and rats, stippling and anemia arc casdy produced 
and there is the charactenslic change in the resistance to heraoKsis 
m h>7)otomc salt solution after “leading " Ihe red cells of horses, 
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mercury) or substances like formalin and tannic add have no com- 
parable effect, whereas the other soluble lead salts, the nitrate and 
acetate, have the same effect as lead chloride. It is, therefore, 
probable that the action of lead on the resistance of red blood cells 
to hypotonic salt solution is an isolated phenomenon, at least in its 
intensity under these conditions. Furthermore, this modification 
of the fragility of “leaded” ceils in hypotonic saline solution affords a 
delicate method for the determination of the biolo^cal effects and 
chemical reactions of lead This reaction may be obtained in whole 
blood but more lead must be added than is necessary with washed 
red cells. 
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Fig. 26 Sonroii Chxomtoe Hemolysis The Efeect of Acute Lead Poisoning on 

Red Blood Cells in Vivo 

The curves represent the action of red blood cells washed m Ringer solution 

A, before lead was given 

B, nineteen hours after 1 gram of lead acetate was given by mouth 

C, forty-three hours after 1 gram of lead acetate was given by mouth 

If this reaction between lead and red corpuscles has any great 
significance its occurrence in b'fe must of course be demonstrable. 
That it IS, has already been shown in man b}'- von Liebermann (266), 
Orban (343), and Hay hurst (205) who observed that corpuscular 
resistance increases during acute lead poisomng Further investi- 
gations of the resistance of corpuscles have been carried out on rabbits 
Figure 26 shows the results obtained, and demonstrates that in 'dvo 
be corpuscles are affected just as in viiro Apparently many “leaded 
;ells resist the strain of hypotom'c saline better than the control 
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corpuscles but some hemolyze quickly even in normal saline solution 
This justifies the assumption that the phenomena studied here m 
vilro are similar to those which may occur m hfe and are most probably 
related to development of the anemia of lead poisomng 
Further evidence of connection between the modification of the 
hypotomc salme curve and the changes caused bj lead tu vivo is 


TABLE 33 

Th fardUlim be’xetn Hum! manjatatiom in TCrtojs arirral species 
Tte effect of lead in nw on the appearance of anemia and slippUng m blood, and in 
ifro, on thehemol}- 5is in h)'potomc salt solution 
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dogs, and cats, on the other hand, show no changes in resistance as 
the result of adding lead m vitro The effect of lead on the blood 
of horses had not been studied m vivo but the cat shoi\s no signs of 
anemia and no definite stippling has ever been observed in its blood 
In the case of the dog, the occurrence of anemia has never been re- 
ported and the presence of atypical punctate basophilia in this animal 
rests on the work of WTiite and Pepper (491). Tests to determine 
whether lead does react with caffs blood without apparent physio- 
logical effect were carried out by mixing a known quantity of lead 
with a given volume of cat’s washed red blood cells The mixture 
was then centrifuged and the supernatant fluid treated vnth fresh 
human corpuscles H 5 qiotonic saline tests were performed and were 
entirely negative for lead effect These experiments, therefore, show 
that the lead reacts with the corpuscles even though their resistance 
to h 3 q)otonic salt solution is not affected 

It may be well to consider these results and their general physio- 
logical significance more fully. Three apparently distinct phenomena 
are involved — stipphng, anemia, and changes in resistance to hypo- 
tonic sahne solutions — ^yet the occurrence of all in certain animals 
and the complete absence in others points to some interrelationship 
Probably all three depend on one underlying cause Certainly this 
correlation between the hypotonic saline test and the other blood 
phenomena which occur in vivo points to the fact that this modifica- 
tion in the hemolysis of “leaded” cells in hypotonic saline represents 
a real physiological reaction and not an accidental m vitro change 
The variations in the properties of cells of different species found 
in these experiments suggest many possibilities and offer an attractive 
field for further investigation 

Chemistry The action of lead on the red blood cell is probably 
chemical m its nature, and, as has been pointed out, the hypotomc 
sahne test affords an excellent means of studying such a reaction 
Lead can no longer change the resistance of red blood cells to hypo- 
tonic saline solution if mixed with a small amoimt of blood serum 
before being added to the corpuscles In other words, some sub- 
stance in the serum so reacts with lead as to prevent combination 
with red blood cells subsequently added Using this finding as a 
basis, each of the known constituents of red blood cells (sodium 
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bicarbonate, inorganic phosphate, leathin, cholesterol, euglobuhn, 
pseudoglobulin, hemoglobin, and albumin) m pure form and m an 
amount equivalent to that in a given quantity of blood was 
mixed with lead After allowing time for reaction between the lead 
and the blood constituent, red cells were added to the mixture and the 
usual hypotomc saline test was earned out A normal curve indicated 
that the blood constituent had obviously so combined with lead 
dunng the prehmmary treatment as to prevent the action of lead 
on the blood cells On the other hand, if the curve was that charac- 
tensbe of “leaded" cells there had been no interaction between the 
substance tested and the lead In all experiments, the solution of 
blood constituents simulated as far as possible the conditions m the 
blood, espeaally with respect to hydrogen ion concentration and 
osmotic pressure The exact constituents of the blood cell are not 
defimtelj known, certainly not their quantitative distribution In 
fact, tlie presence in the corpuscle of some of the substances mentioned 
has been questioned But in all this work the generally held opimon 
of the chemical nature of the red blood cell has been accepted Re- 
sults of these tests show defimtely that inorganic phosphate, in the 
concentration normally found m serum or corpuscles, neutralizes the 
same quantity of lead as does whole serum This can, therefore, 
completely account for the action of lead on red blood cells Sodium 
bicarbonate also neutrahzes lead, but ten times as much as occurs 


in an equivalent neutrahzmg quantity of serum is required None of 
the other constituents tested under these conditions combined with 
lead The faUure of lecithm to umte with lead, as w'ell as negative 
results with sodium glycerophosphate, indicates that such orgamc or 
bound phosphate plaj s no direct part in the action of lead 
There is still further evidence that lead unites with the morgamc 
phosphate of the blood Scrum with increased inorganic phosphate 
content, obtained from nephntic patients, neutralizes the effect of 
ead to a high degree Moreover, when inorganic phosphate diffuses 
rom red blood cells into the surrounding Ringer solution lead no 
onger acts upon the corpuscles because of its neutralization by the 
1 usate If these cells are washed free from the diffusa te, however, 
ea can apin react with them These phenomena indicate that the 
c on 0 lead upon red blood corpuscles cm be entirely explained 
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by the union of lead with the inorganic phosphate of the cell It is 
important to point out here that when a lead salt unites with phos- 
phate the very insoluble Pb 3 (P 04)2 is formed with the liberation 
of free acid 


3PbCl2 + 2 Na 5 HP 04 -> PbjfPOils + 4NaCl + 2HC1 

Fragility With this chemical picture in mind it is of interest to 
consider some of the physiological changes which occur when lead 
acts on corpuscles The physiological action of lead on the red blood 
cell is very striking If red corpuscles, treated with a lead salt, are 
permitted to stand in Ringer solution, an abnormally large number of 
these“leaded” cells hemolyzes withm a few hours This demonstrates 
that lead shortens the life of the cell The increased fragility after 
exposure to lead, when cells are rotated or treated with carbon dioxide, 
is even more marked and is evidence of the fact that slight trauma 
can destroy “leaded” cells very easily. Rous and Robertson (391) 
and recently Broun (57) have attributed destruction of blood cells 
to mechanical trauma, and these experiments illustrate that cells 
injured by lead are very much more fragile than normal, and therefore 
far more susceptible to the trauma of circulation This is probably 
a very important factor in the increased destruction of blood in 
plumbism. 

Specific hemolysis Anti-human serum, obtained from a rabbit 
immunized against human blood, caused much more rapid and 
complete hemolysis of “leaded” cells than of control cells The 
significance of this is not yet clear, but may have some beanng on the 
explanation of mechanisms of various reactions which occur in 
hemolysis 

A gglutination One of the important practical problems connected 
with blood is the agglutination of corpuscles by heterologous sera 
Experiments performed on human blood with Group 2 or Group 3 
corpuscles and Group 4 serum consistently showed that after exposure 
to lead agglutination is slow and slight, if it occurs at all, whereas 
in the control tubes exposed merely to Ringer solution strong agglu- 
tination follows the addition of serum (fig 27). 

Stickiness of red blood corpuscles The discovery that lead inhibits 
agglutmation of red blood cells in heterologous serum naturally raises 






144 


AUB, TAIKEIALLj MINOT AND EEZNIKOTT 


the question of whether it affects the natural stickiness of the cell 
surface or Avhether the addition of agglutinating serum causes the 
change This problem was studied by means of Fenn’s (133) method 
which consists in placing a suspension of cells in a glass chamber 
which IS rotated 180° after a given interval The number of cells 
which remains on the ceiling of the chamber, as well as the number 
which falls off, is then determined under the microscope It was 
found that nonnal control cells remained on the ceiling of the chamber 
after rotation, whereas a large proportion of “leaded" cells fell 
From this the conclusion ma 5 r be drawn that after exposure to lead 
the surface of red blood corpuscles is less sticky than normal There 
are three possible explanations for this In the first place the lead 
may have added weight to the cell This is hardly probable because 
of the very small amounts used However, the effect of the lead is 
actually to increase the specific gravity of the corpuscle due to a 
marked shrinking (see page 148) But this increase in u eight is 
probably not the important factor in decreasing the stickiness of 
“leaded” cells because the same phenomenon is illustrated in the 
changes uith iso-agglutinins where variations in specific gravity are 
of no significance Furthermore, this difference in stickiness between 
“leaded” and normal cells does not occur unless serum is added to the 
media If the variation was merely due to changes in weight, it 
should be seen m any medium The other possibilities which must 
be considered as causing this loss in stickiness are that the charge of 
the cell surface may be changed (see page 149), or that because of 
alteration in its chemical composition, the surface may have changed 
its physical characteristics (see page 151) 

In the case of poljTuorphonucIear leucocytes, obtained from the 
peritoneal cai it}^ of rats after aleuronat injections, no definite differ- 
ence between the stickiness of “leaded” cells and that of normal 
controls could be observed It therefore seems probable that lead 
affects the surface of white and red cells differently 

Phagocytosis This finding is especiall}'’ mterestmg in %aew of the 
work of Fine (Ij?) 

He studied the phagoc>'Uzmg abilitj of rat’s white blood cells for parti- 
cles of metallic lead, basic lead carbonate, lead chromate, and lead sulphide, 
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using the "film method” of Fenn (132) Tlie number of particles ingested 
bj the leucocytes is determined and thus the rate of phagocy tosis Fine 
found that metallic lead is less readdj phagocj'tozed than the lead salts and 
suggests the possibility of inhaled metallic lead actmg as a foreign body m 
the lung and exatmg fibrosis 

These results brought up the question of tlie possible effect of 
soluble lead on the phagocytozing power of the leucocytes To study 
this the leucocytes were exposed to varying concentrations of lead 
chlonde and the rate of phagocytosis for basic lead carbonate particles 
was determined Although only two experiments were earned out 
in which the cells were subjected to the lead chlonde for more than 
twenty minutes, these show very definitely that lead chlonde in 
as low a concentration as 0 02 mgm of lead per cubic centimeter 
of suspension is able to retard tlie ingestion of particles very markedly, 
which demonstrates rather definitely tliat soluble lead injures the 
leucocyte 

The problem that these results bnng up suggests many implications 
which cannot be discussed here Of particular interest, however, 
IS the failure of lead to affect the surface of the white blood cell, 
indicated by the stickiness expenments, and its inhibiting action 
on their phagocytozing power Of course it must be remembered 
that the results of the stickiness expenments on white cells is only 
negative evidence and may simply mean that a cliange in the surface 
could not be detected by this method The conclusion seems evident, 
tlierefore, that cither vanation in stickiness is not an absolute indica- 
tion of surface clianges, or that lead can interfere with certain func- 
tions of the white blood cell and leave its surface unimpaired 

Pemcahtily of the cell surface The salt hemolysis test is based 
upon the permeability of Uie cell to water, and the elastiaty of its 
surface When osmotic tensions of surrounding fluids vary', tlie cell 
swells or shrinks because of clianges in water content, and only its 
elasticity determines the degree of change of osmotic pressure which 
it can withstand without hemolysis Since the cell responds thus, 
by changing its volume, the specific gravity' of normal and “leaded” 
cells must be an index of their permeability to water and therefore 
of changes m elastiaty Using the benzyl benzoale-oil mclliod 
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(384)2 fotmd that “leaded” red blood cells always have 

distinctly higher specific gravity than normal cells. The speafi 
gravity of normal red blood cells vanes between 1 088 and 1 09t 
(average 1.091), that of “leaded” cells between 1 104 and 1 11c 
(average 1 108), a difference sufficiently great to be well outside 


T«LE 34 

The specific gravity of red Hood cells offer exposure to lead for varying lengths of time 


TlilE 

SPECITIC GRAVm 

IS minutes 

1 089 

30 minutes 

1 098 

1 hour 

1 115 

2 hours 

1 113 

3 hours 

1 112 


TABLE 35 


T.fiect of osmotic changes on specific gravity 


COVCENTIUTIOK 0? 
JiI^GER SOLT7TIOV 

SPECIFIC CRAVITY OP 

CHANCE OP SPECIFIC 

esAvny PROM ceeis is 

FORMAL RINGER 
SOLUTION 

TOTAL CHANCE 07 
SPEcmc CRAvrry 

Before 
and during 
■•leading" 

After 

“kading” i 

Normal 

cells 

■■Leaded" 

cells 

Normal 

cells 

■■Leaded” 

cells 

Normal 

cells 

"Leaded" 

cells 

0 9 

0 9 

1 089 

1 111 





0 9 

0 5 

1 065 

1 103 

-24 

-8 



0 9 

1 35 

1 109 

1 115 

- j-20 

+4 



0 5 

0 9 

1 092 

1 113 

i +3 

+2 



1 35 

0 9 

1 090 

1 114 

+1 

+3 



0 9 

0 9 

1 089 

1 106 





0 5 

0 5 

1 069 

1 097 

-20 

-9 



1 35 

1 35 

1 104 

1 no 

+15 

+4 



0 5 

1 35 

1 107 

1 115 

+18 

+9 

+38 

+18 

1 35 

0 5 

1 073 

1 095 

-16 

-11 

-31 
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the limits of experimental error This increase in speafic gravity, 
as w^ould be expected, develops slowly and becomes maximal only 

*This method depends upon the suspension of a small drop of corpuscular cream, 
centrifuged free from serum, in mixtures of benzyl benzoate and cotton-seed oil By 
varying the proportions of these two fluids, media of known v arymg speafic gravity are 
obtamed The one m which the red blood cells neither rises nor smks, but remains sus- 
pended, IS equal to the specific gravity of the corpuscles 
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after an hour (table 34) Since this change may be observed after 
the addition of a quantity of lead as small as 0 01 mgm per bilhon 
cells, it cannot be explained b> the mere increment of the heav’j metal 
It must be due to an actual increase in the density of the cell caused 
by a decrease in its volume after eiqiosurc to lead although the osmotic 
tension of the surrounding fluid is not altered 
When the osmotic tension of the fluid is vaned and the speafic 
gravnty of the cells determined, very interesting differences between 
normal and “leaded” cells appear Figure 28 and table 35 show the 
result of placing normal and “leaded” cells in concentrations of 
0 5,0 9, and 1 3 per cent Ringer solution “Leaded” cells proved 
to be heavier in every case Their range of snelhng and shrinking 


Normal cells { 

1 0-3i17lng»r 


1 leoded celb 

. J 1 1 ! 1 1 » , » 

iB«THnjtr 

1 1 1 1 1 

WO 1070 1080 W90 

1100 1110 m:o 

Speottlc gravity 


Fio 28 Extewmest Deuosstrating Totai Oiasoes or SrEcmc Geaittv or Czus 
Vi Variino Coscevtraiioss or Ringer Solution 

IS far less than normal, but the> ire not impervious to w ater for some 
vanations in weight ma> be observed and the usual speafic gravity 
IS regained in 0 9 per cent Ringer solution even after exposure to 
solutions of other concentrations The difference observed, therefore, 
IS apparently due to the fact that the exchange of substances through 
the cellular membrane is restneted^ — decreased permeability to water 
The most reasonable explanation for this phenomenon is that the 
cell surface probably shrinks after axposurc to lead and becomes 
less clastic or that the charge of the cell surface is so changed as to 
repd a definite quanPly of water 
A second method used to study the difference m swelUng capacity 
between normal and “leaded” cells was to determine the volume 
of a unit number of corpuscles of each kind Ihis was based on the 
assumption that the number of cells in a unit volume would vary with 
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the size of the cell Normal corpuscles and those exposed to lead 
were changed from a 0 9 to a 0 6 per cent medium From the red 
cell counts and hematocrit determinations of the control and “leaded’’ 
cells in both 0 9 and 0 6 per cent Ringer solutions, the number of 
corpuscles packed into a unit volume in each case could be obtained 
and thus the change in cell volume The results from such experi- 
ments cannot be considered more than a check on the more exact 
specific gravity experiments because of the increasing error involved 
in cell counts as blood is diluted However, in two cases in which 
the theoretical values closely approximated those obtained it was 
found that normal cells could swell 19 per cent in one experiment 
and 28 4 per cent in the other when changed from a 0 6 to a 0 9 per 
cent medium The “leaded” cells in the first case could swell only 
0 06 per cent and in the other 6.6 per cent Thus, the inability of 
“leaded” cells to swell, except within narrow limits, is apparent 
The appearance of the cell The specific gravity experiment sug- 
gests that microscopic examination of the corpuscles might demon- 
strate a change in size after exposure to lead That this is true was 
showm by measuring large numbers of cells under an oil immersion 
lens wdth a micrometer eyepiece When corpuscles are exposed to 
lead, the cell margin first becomes pale and then swelling occurs 
Within an hour this is followed by shrinkage and a definite crenation 
of the surface Then gradually the irregularities of these shrunken 
cells disappear and the outline becomes smooth and quite refractile 
to light Maurel (285) also found that lead causes a marked deformity 
of cells These phenomena, as w^ell as others which also vary with 
time, suggest that the corpuscles react slowly with lead and that, 
under the temperature conditions of these experiments, equihbnum 
is established only after from two to five hours 

The mterior of the cell Since all these experiments have shown 
that lead affects the surface of the cell, the question arises whether 
there is any involvement of the interior of the corpuscle That 
hemoglobin does not react with lead has already been pointed out. 
This is further corroborated by experiments carried out with Dr. 
A. V. Bock at the Massachusetts General Hospital, which showed that 
the gas exchange of “leaded” cells was apparently normal That 
lead can penetrate the corpuscle and react with other substances 
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cannot be ruled out absolutely However, the chemical findings 
which have been described previously indicate that the only cell 
constituent of those investigated m these experiments inth whicli 
lead could urate is the inorganic phosphate It could not combine 
with the organic phosphates, such as leathin, unless they broke down 
and liberated phosphate in a simple state Moreover, it is apparent 
that the first inorgamc phosphate wuth which lead would come in 
contact w'ould be that nearest the surface 
The explanation of the effect of lead How can the changes in red 
blood cells caused by lead be best explained? Apparently they all 
depend upon the union of lead with inorganic phosphate and are 
largely surface phenomena But diffusion experiments prove tliat 
the mere removal of ionized phosphate by lead is hardly suffiaent 
cause for these effects Despite the loss of phosphate by diffusion 
from red blood cells which stand in Ringer solution for sexeral hours, 
such cells show no variation of the hypotonic saline curve from normal 
The possibility that lead phosphate precipitates on the surface of 
the cell and exerts a modifying influence there must be considered 
Phosphate probably unites with lead to form Pbs(P04)2 This mav 
be preapitated in the membrane where its very presence may alter 
the colloidal properties That it forms a complete coating on the 
outside of the cell, however, is hardly probable because of the very 
small amount of lead used The possible surface area involved in 
this reaction cannot be dclcrmincd because all cells are not equally 
affected by lead, and therefore calculations of the amount of lead 
available for each cell or of the amount of phosphate involved per 
unit of cell surface are not justified A rough approxamation, how ever, 
may be made which shows that the area of a red cell is at least of the 
order of magnitude of 10“’ sq cm , while that of the lead molecules 
available for that cell 15 at most of the order of 10 sq cm Such 
a great difference makes the possibility of a superficial coating of the 
cells, even bv a single molecular layer, highly improbable Changes 
in the charge of the cell surface might evplom the action of lead 
Tins IS suggested by phenomena like tlie disappearance of agglutina- 
tion and the loss of stickiness and bv rather marked differences 
betw een the agglutination of nonnal and "leaded” blood cells observed 
when tested with colloidal iron and arsemc Macroscopic cata- 
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phoresis experiments however, showed no differences in migration 
between “leaded” and control cells 

The probable explanation of the effect of lead may rest on another 
basis It has been shown that when lead chloride interacts mth 
inorganic phosphate, free acid is liberated This might be of im- 
portance in explaimng the action of lead salts on red blood cells 
Although buffer action would prevent any appreciable change in the 
hydrogen ion concentration of the blood as a whole, there might be 
a marked local temporaiy change at the surface of the cells The 
objection may be raised that normally the buffers of the blood are 
quite adequate to take care of any acid produced But it must be 
remembered that vre are dealmg here with a cell surface capable of 
local reactions and variations in permeabdity Furthermore, the 
principal buffer, the phosphate, interacts with lead to form insoluble 
phosphate and free acid, so that its buffer action is diminished 

A senes of experiments with collodion sacs illustrates this When equal 
volumes of Ringer solution containing lead chloride (0 1 mgm lead per cubic 
centimeter) and serum (diluted three times with Ringer solution) are mixed, 
no macroscopic precipitate forms If, however, the serum alone is placed m 
a collodion sac and this is then suspended in the lead solution, a heavy precipi- 
tate forms at the membrane If methyl red is added to each of these solu- 
tions, both remain alkahne to the indicator, but the membrane itself turns 
red. This demonstrates that acid forms locally The same result is ob- 
tained if phosphate solution is substituted for serum. 

These experiments with the coUodion cells and the chemical re- 
actions involved, therefore, indicate that the two reactions of lead 
on blood cells are precipitation of insoluble lead phosphate and pro- 
duction of acid These local reactions may not be the only causes 
of colloidal change but are very important factors in producmg all 
the phenomena descnbed, for anything which changes the colloidal 
state of the cell surface probably affects its properties 

S umma ry. AU the observations which have been presented fit 
into a complete and satisfactory explanation of the action of lead 
on blood. In viiro the exposure to a very small amoimt of lead 
greatly alters the surface of the red blood cells and causes them to 
shrink Their consequent relative impermeability to water renders 
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them incapable of swelling as much as normal cells This enables 
such cells to ivithstand a marked increase in tlieir resistance to different 
osmotic surroundmgs, endence for which is found in the abnormally 
small degree of hemolysis m salt soluhons of ‘very low concentration 
This suggests that “leaded” cells should be really stronger and more 
durable than normal cells But thisisnot the case On tlie contrary, 
“leaded” cells are relativelj short-lived and hemolyze readily as the 
result of shght trauma Experiments with rabbits suffering from 
acute lead poisomng show that these phenomena also occur m vivo 
In addition to causing these clianges in permeability, lead also alters 
ilic physical properties of red blood cells so that they lose their normal 
stickiness and arc no longer agglutinated by sera of tlie different 
iso-agglutinating groups All these changes are evidence of surface 
alterations in the cell The intenor of the cell is not affected, i c , 
the physiological properties of the hemoglobin remain normal The 
dicnucal reactions which cause the physical clianges in the cell are 
precipitation of insoluble lead phosphate and formation of aad 
These cause the “leaded” red blood cell to change from an clastic, 
distensible sac to one wluch is contracted, relaUvclj inclasbc, and 
bnttlc In such a condition the cell can so poorly withstand tlie 
trauma involved in circulation that tins lack of resistance probably 
explains the marked destruction of peripheral blood in lead poisoning 
Because of the loss of arculating red cells in this wa>, there is a 
compensatory regeneration of erythrocytes Many of these young 
cells are affected by' lead after they enter the arculation so tliat their 
basophilic substance is coagulated or clumped together and they' 
give tlie cliaractenstic granular appearance known os sbpphng In 
vilro experiments indicate tliat lead may also have some inhibiting 
effect on the phagocytozing ability of polymorphonuclear leucocytes 

xn ErrEcr of lead ok the gersi cells 

The effect of lead on the red blood cells may well be merely' a 
staking example of an action which tal cs place in otlier cells of the 
body The literature indicates that the germ cells are affected, 
but the data are generalized and only demonstrate that when 
citlier parent is subjected to tlie acUon of lead, the development of 
the young is impaired 
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Analysts of the tissues of ojfspnngjor stored lead after odmtntsiralton of lead acetate to mother 
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nitely underweight and weak The “leaded"’ males were not usually stenie, 
but when mated with a normal female the weight of their young was 18 5 
per cent below normal If the female was “leaded” and the male normal, 
the reduction m weight was somewhat less — about 15 per cent In botli 
cases the retardation of growth persisted after birth. Later experiments 
demonstrated that while plumbism in the male does not mcrease the number 
of stdlbirths, mtoxication of the female by lead does cause an increase which 
IS out of all proportion to the seventy of the poisoning Cole and Bach- 
huber (84) have reported similar observations on rabbits and fowl. Paul’s 
(355) mvestigations seem to mdicate that lead injures only the germ cells 
formed durmg intoxication, for he reports that pregnancies were normal 
after exposure had ceased 

It is, therefore, dear that lead does not kill the germ cells, but only 
harms them so that the fetus either dies or is undersized. Injury is 
possibly caused in part by a reaction similar to that which occurs in 
red blood cells and in muscles But that it may also result from a 
spedal susceptibility of the fetal tissues to the toxic action of lead 
has been suggested by the work of several investigators (361) (260) 
(293) (152) who report that lead is present in the tissues of the fetus 
when the mother is “leaded ” The recent work of Blair Bell (32) 
is partly based upon such observations. In our few experiments, 
however, no lead was found in the young of “leaded” animals 
(table 36). 

In explaining the premature deliveries and stillbirths which occur 
so characteristically during plumbism, still another mechanism is 
involved. Lead reacts with the smooth musde of the uterus much 
as it does with the smooth muscle of the intestmes during lead colic, 
and in this way probably causes abortion The action of diachylon 
ointment is doubtless of this nature (see also page 124) 

XIII. THE LEAD LINE 

The most constant sign of plumbism and one which appears in 
no other condition, except possibly bismutli poisoning ()237), is the 
sO'CaUed Burtonian or lead Ime in the gums This has certain quite 
definite characteristics: It occurs typically in the gingiva near the 
border of the teeth, and is seen usually near decaymg teeth, either in 
the gum or in the mucosa of the lip or cheek opposite these. More- 
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over, npid caries seems to develop «hene^ er a lead line appears near 
teetli apparently in good condition That the pigmentation is not 
on the teeth themselves, may be easily demonstrated bj insertmg 

V A w J -c o. ^ 

^ .''-V ' V ' “ 

- *" 


.'V, 'f 1 , 

Cr-? V - 


' '"i 

I * ‘ 




. . ' ’ ' (TV 


- 1 -2»- ^ 

sfcllR 


rir 29 ATicKo--coric Dr.mmn<. Duiosjnun. i. 

ll\E 

piper between the tcetli and the gua. fc-itaa-T 
lead line can net er be rubbed o'7n inLst^e raij: Lae ' 
be mcrclj a surface dcpo-it ofp rarea^ 


or Li:ii> 


J • iTur j iiiu 



156 


2’AIJRSALL Afrxm 


Micrnc. 

■^'-microscopic exainf 

of Wacic 

cei ®r:T"r‘'"-«3of X’ 

bve tissue ivhich run 10°^*’ u”'’ o^Pocially „ tie’ n ““'otivc issue 

To explain flip ^Tpicaliy annpTrc i -figure 

o>>sorpti™ and sn JT^'™ ^gn S , “feosipe 

‘hoories We b 1 T‘“‘ '" *0 difguot i ” “*oat.ve of ,eS 
“oo « the tiW is of ttese fst 'o™™' 

hydrogen sulphide the interaction 0™* “'°™' 

HO'V the hy*„„en " ‘hofoimatiolf M f'™'’ '^ad and 

reson.iowiead and hv ! " ho,r lead '“'P’”* 

other, and by what^che*°®f” ““Wnde coineinto r ^''°"®ht to this 
ore questions which m, Processes the lead 1°!!^'^^ oach 

ioodhne can be complete helore any eSl'/' 

Hydrogen sulphide IS a n a ^ Wlanation of the 

“ol proteins Thus Z “f putrefaction . 

the debris of prote ‘"'o sources oT ’ '"Pooially of ani- 

wggums and?eeth tl/°°‘^ ''''"'oen tlie feetf ' “ ™°"th 

O-o clinical obsZllT'''‘^^ ™s enplfn m' *oay- 

regularly. In tins ro "’basons for 

easily avplanied transported to th. 

rp, , S^as IS less 

riiatleadmavbedirectKr.i . 

painted the gums fT tother than o( 'ge“ra|“l'"^"'“^' he a nia„,fes-° 
teelhnercin'perfeef T ''™“ "'Ih a sZZZ lT"^'' 'ead, Paul 
After the tirsfannl ““h't'on, and all other cm “oetate Their 

-a..er.me„tco‘^-tr:d~^^ 


LEAD POISONING 


157 


The suggestion has been made that lead is excreted by the salivary 
glands and accumulates in the mouth (365) (383) (400) If this ac- 
tually occurs, lead could easily be reabsorbed by tlie mucosa Schmidt 
(400), indeed, believed that the localization of the lead Ime is due to 
tlie speaal affinity of certain areas of the gum for lead excreted from 
the salivary glands Although small quantities of lead have been 
found present in the sahvary glands both by Pouchet (365) and in 
this laboratory in one cat, and a metalhc taste is often complained o< 
by individuals suffenng from lead poisoning, evidence of such excretion 
has never been obtamed Moreover, the pigmentation frequently 
occurs in teeth which are not near the salivary ducts Altliough lead 
may reach the gums directly under some conditions of exposure, this 
IS probably neither the necessary nor usual process by which lead is 
localized in the gums The appearance of a lead line in our cats 
after subcutaneous admimstration of lead is evidence that the lead 
may reach the gums either by excretion from the sahvary glands or 
by the arculation But the microscopic examination which shows 
that the black granules never appear scattered throughout the mucous 
membrane, as they v\ ould if lead were absorbed through the mucosa, 
but are always subepithehal in position, is a definite indication that 
lead is brought to the gums by the arculation 
Quite a different theory was advanced by Meillere (293) who be- 
heved that phagocytes carry lead to the gums for elmunation Tlus 
vnew was based on the fact that many leucocytes containing particles 
of lead sulphide may be seen within the tissues of the gums But the 
occurrence of such phagocytes probably indicates not that lead is 
transported to the gum, but rather that it is being removed from Hus 
region In fact, similar phagocytosis occurs when insoluble particles 
of lead are removed from subcutaneous and pulmonary tissue or 
when mixed m utro with leucocytes This has been demonstrated 
by Carles (67) and by our expenments in winch lead was adraimstcrcd 
b> lung, and by the work of Fine (137) 

In all probability lead, as the tertiary phosphate in colloidal solu- 
lon, is earned to tlie gums, just as it is to all otlier parts of the body, 
by the blood And wherever it meets the hydrogen sulphide vvhich 
IS formed in tlie mouth and diffuses through tlie mucosa a precipitate 
of lead sulphide is formed The obvious objection to this idea is tliat 
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lead sulphide could hardly form if lead occurs in the blood as lead phos- 
phate, a more insoluble salt However, as H 2 S accumulates from 
decaying material in the mouth, more lead must change from phos- 
phate to sulphide in accordance with the law of mass action. 
This would be greatly accelerated if the reaction of the tissues was 
more add than that of the blood for in an even shghtly acid medium, 
tertiary lead phosphate is gradually converted to the di-lead salt 
which is about fifteen times more soluble than the sulphide 
There is evidence that changes occur in the gum before the lead line 
IS grossly visible In human beings (440) and also m cats, distinct 
localized hyperemia has been seen to precede the lead line In this 
condition the gums are sore and bleed easily Stephens believes that 
irritation causes enlargement of the papillae at the edge of the gum by 
engorgement of the vessels and that lead "'finds its way” to this hy- 
peremic region and “leaves its mark” on the gums However, it 
seems more probable that the redness is merely an mflammatory re- 
action to the foreign particles of lead sulphide precipitated in the 
tissue. Microscopic exammation venfies this opinion. In one of 
our cats the vessels in the inflamed gums appeared distended, and 
many red blood cells and polymorphonuclear leucocytes filled the 
submucosa, giving every evidence of marked acute inflammation. 
Scattered throughout this inflamed area black granules, presumably 
of lead sulphide, were seen In another specimen from an animal 
with such irritated gums but with no visible lead Ime, the chemical 
test for lead was positive From these observations the conclusion 
may be drawn that the deposition of lead salts in the gums begins be- 
fore the lead line is grossly visible, and that the discoloration is evi- 
dent only after the deposit becomes sufficiently great 
The possibihty of an interrelation between the lead line and canes 
of the teeth is important practically As early as 1870, Lewy (264) 
found that lead is deposited directly in the teeth just as in the other 
bones, and he believed that this might be a direct cause of caries 
Recently lead has again been found m teeth as well as m the rest of 
the skeleton (page 75), but whether this is a factor in the develop- 
ment of canes or the lead line, is as yet unknovm The notonously 
poor teeth of lead workers seem to indicate that the deposition of 
lead in the teeth may be important in causing decay. It might 
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be Uiought, however, that canes in the teeth of workmen is due to 
their unhygienic habits rather than to the action of lead However, 
excellent exndence of the probable deletenous effect of lead on teeth 
IS seen in cats who, under normal conditions, always have perfect 
teeth, but who develop rapid and marked canes when exposed to 
lead 


\rv lEAD couc 

Although not in itself of senous consequences, lead cohe is the most 
painful and dreaded symptom of lead poisomng and presents a dif- 
ficult diagnostic problem The physiological mechamsm and more 
particularly the direct cause of cohe are as vet very little understood 
because of the scarcity of experimental data 
There is, however, general agreement that any condition of coUc 
IS duo to marked constnction of the small mtestine This fact was 
first emphasized by Mackenzie (273), and post mortem examinations 
of anunals dymg from acute lead poisomng show that intense con- 
traction of the gut actually occurs (337) The vanous explanations 
of the exact mecliamsm by which lead causes this spasm of the intes- 
tine fall into two general groups (a) Lead may act on one of the ner- 
vous structures supplymg the intestine, or (b) may directly affect 
the smooth muscle itself A detailed presentation of each of these 
theoncs is hardly possible, for it involves a careful examination of the 
exact methods used in each case and would be essentially profitless 
This IS especially true of the ideas concerning the nerv ous ongin of 
colic Every possible nerve center and ganglion has been suggested 
as the site of lesion, usually with very little evidence Among the 
structures mentioned are the sjunpathctic nerves (386) (217) (293), 
the cocliac ganglion (319), the vagus center (282), the submucous and 
myentenc plexus (274), and the ganglia in the mtcstinal wall (199) 
In addition, Uie literature contains many suggestions which can only 
be clnractenzed as flights of fancy, such as reflex constriction due to 
myalgia of abdommal muscles (268) and irritation bj hardened feces 
(464) 

Before analyzing llie vanous theoncs which have been advanced 
to explain lead colic, a consideration of the phjsiology of coUc, of 
any Ongin, is desirable If due to muscular constnction, colic must 
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result from either, (a) Stimulation of the vagus, through its center 
in the medulla, the nerve itself, or its endings, (b) inhibition of some 
part of the sympathetic nervous system, or (c) stimulation of muscle 
directly. A physiological observation, made by Cannon (64), should 
be mentioned here. He produced paralysis of the esophagus by sec- 
tioning the vagus and observed marked prolonged contraction of the 
cardiac sphmcter of the stomach He states that since this spasm oc- 
curs after vagotomy, it is independent of extnnsic innervation The 
bearing of this phenomenon upon an explanation of lead colic depends 
upon the relation between loss of intestinal motihty and spasm (page 
165). 

At this point mention should be made of a few of the more striking 
difficulties encountered in investigating lead colic before presenting 
the experimental and clinical evidence which has proved of value 
The most baffling of these is to obtain from animals satisfactory data 
on such a subjective symptom as the pain of colic Another and less 
well appreciated complication is the difference between experimental 
and actual conditions of exposure Attempts which are frequently 
made to obtain strikingly positive results by intravenous administra- 
tion of extremely large doses of lead salts, or by exposure to such very 
toxic organic compounds as lead tri-ethyl acetate, can, of course, 
hardly provide data from which to draw legitimate deductions as to 
conditions in human plumbism From pathological studies of lead 
colic, just as of other mamfestations of plumbism, unsatisfactory con- 
clusions have been drawn on the basis of fragmentary and uncontrolled 
data 

With these facts in mind, some of the more important contnbutions 
to this question may be considered in detail 

Wassermann (481) poisoned cats with lead and examined the gastro- 
intestinal tract by x-ray He found that the hyper-motihty of the small 
mtestme, with a disappearance of the usual beaded picture which first 
occurred, was followed by a broadenmg of the contents, which suggested 
loss of tone In the large intestine the contraction nngs and penstalsis 
were marked and this was accompanied by a delay in the excretion of the 
contents Wassermann thought that cohc is apparently assoaated with 
spasm of the small rather than of the large mtestme and that during at- 
tacks the small mtestme is contracted to the size of a thread 
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X-ray examinations of one of our patients during a rather severe 
attack of colic gave results which seem to correspond to Wassermann’s 
description Definite areas of intestinal spasm were seen and the 
stomacli which appeared hypertonic, exhibited exaggerated peri- 
stalsis Six hours after Uic barium meal, the head of tlie banum column 
was held in tlie ileum, in twenty-four hours all the banum had accu- 
mulated in the cecum and ascending colon which appeared tremen- 
dously dilated, and none had passed the hepatic flexure Over this 
area there was some tenderness An enema gi\en five days later 
show ed no obstruction at the hepatic flexure, and another x-ray exami- 
nation a week later showed notlung abnormal 
Although Wassermann made no microscopic examinations in his 
expenments, he attributes colic to sclerosis of the sjonpathetic ganglia, 
which has been reported by other investigators (see page 115) He 
believes this w'ould permit unchecked vagus activity to cause in- 
testinal spasm To this view there are two objections First, there 
IS not suffiaent evidence that lead causes a lesion in the sympathetic 
ganglia, and second, such a lesion, if it did occur, would impair tlie 
function of the ganglion permanently, whereas lead colic is a tempo- 
rary condition from which recovery may be complete 
Somewhat similar conclusions were readied by Hirschfelder and 
his co-workers from expenments on intcstmal penstalsis They in- 
serted apetn disli into theabdommalwallof rabbitsasawandow through 
which the intestine could be observed, and mjcctcd lead acetate (5 
mgm per kilo) into the arculation This w as follow ed immediatdy by 
the development of intense inlcatinalpenstalsis which was unaffected 
bj section of Uie spinal cord or vagus nerve but was abolished by the 
injection or application of nicotine or atropine From these results 
they concluded that the spastic action of lead is due to its effect on 
preganglionic nervx fibers and not on muscle fibers They also in- 
vestigated the effects of mtritcs on this tonic spasm and thought 
that they act directlv on the smooth muscle of tlie intestine and do 
not relieve colic merely by general vaso dilation Several cnticisms 
of this work should be made Such immediate and acute intoxica- 
tion 15 hanlly comparable to that which occurs in life Furthermore, 
such dnigs as atropine and nicotine act on different structures and pro- 
duce V arying effects according to Uic strength of the dose Atropine 
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may affect nerve plexuses or smooth muscle as well as act on the 
vagus, nicotine in small doses may stimulate the sympathetic mstead 
of depressing the ganglia (86). Vagus section and cord excision, 
of course, have no effect on the activity of muscle fibers themselves 
or on myenteric reflexes 

Hanzhk (196) tried an ingemous experiment on the intact duck By 
mserting a small rubber balloon into the crop he was able to record 
penstaltic contractions on a kymograph They were more vigorous, 
rapid, and regular m lead poisoned ducks, and neither atropin nor epineth- 
rm affected them, while chelidonm, which depresses smooth muscle 
mdependently of nerve endings, promptly inhibited the contractions He, 
therefore, concludes that the augmentation of contraction due to lead 
was caused by direct stimulation of the smooth muscle 

In 1872 Kussmaul and Maier (243) suggested that an inflamma- 
tion and ulceration of the gastro-intestinal tract caused by lead re- 
sults in colic This view, when first presented, was based on a single 
post mortem examination, but ten years later Maier (274) supported 
the idea by experiments with rabbits and guinea pigs After the 
daily administration of lead salts in doses of 0 2 gram, degeneration 
of gland cells, hemorrhages, venous stasis, and sclerotic degeneration 
of the submucous and myentenc ganglion cells could always be seen 
in the intestine. While the afferent and efferent nerves appeared 
normal, the more central ganglia, such as the coehac, often showed 
lesions. The severity of these changes suggests that the lead salt 
exercised a marked local action on the gastro-intestmal tract 

From experiments with isolated smooth muscle from the gastro- 
intestinal tract, the uterus, the blood vessels and ureters, Siccardi and 
Dozzi (431) were led to believe that lead acts to a great extent on the 
muscle fibers and not on the nerves alone 

These authors found that high concentrations of lead acetate increase 
the tone of isolated muscle strips but dimmish the contracbon waves Upon 
removal of the lead, muscular activity returns to normal Further support 
of the observations has also been given by Siccardi’s (429) experiments with 
atropine, mtroglycerme, and mcotme From his results Siccardi concluded 
that colic may be due either to the hj'pertomcity of mtestinal muscles 
caused by the action of small doses of lead, or to reflex constnction foUovmg 



lead poisoning 


163 


the hypotoniaty of muscle and cessation of rbythnucitj which larger doses 
occasion Unfortunatelj these experiments m vtiro have little beanng on 
the action of lead within the body during chronic lead poisoning 

But that lead may axerase effects directly on smooth muscle has 
been shown by unpublished experiments with Miss Dorothea E Smith 
(20) These were designed to determme whether lead acts on the 
myentenc nervous system or directly on the smooth muscle fibers 
themselves — a point not settled by Siccardi 

Strips of circular muscle containing no ganghon cells were prepared from 
the small intestme by the method of Gunn and Underhill (181) and the 
effects of lead salts on these were studied by the method of Magnus, as used 
by Cannon and dc la Paz (64) The temperature of the apparatus was 
mamtaincd at 37°C and oxygen was continuously bubbled through the 
bathing Ringer solution After normal contractions were recorded from 
all the strips, lead-Ringcr mixtures were added to some of them The 
rest were used as control preparations in the expenment Immediately 
after the experiment a microscopic search for ganghon cells was made Of 
twenty strips used in successful expenments, twelve were found to contam 
no demonstrable nerve cells, and on the five most satisfactory of these, lead 
was found to have the same effect that it docs on longitudinal stnps of 
smootli musde and on stnps containing nerve cells Therefore, the assump- 
tion tliat lead acts in vitro, in large part at least, directly on the muscle 
fibers and not on the penphcral gangha appears to be justified 

The effects of lead on smooth musde as noted by Siccardi and con- 
firmed m this laboratory by more than 110 observations are (a) 
inhibition of spontaneous contractions, and (6) an increase m toniaty. 
That tliese two phenomena are mdependent of eadi other is indicated 
m these experiments by the fact that in some cases small rapid con- 
tractions continue while the tonus rises markedly, while in others the 
rhythmical contractions cease although the tonus docs not vary 
Changes caused by 1 mgm of lead acetate per 100 cc of Ringer 
solution, or 1 part per 100,000, are not always permanent, but may 
persist for a short time and be followed by gradual recox cry of the 
musde, even when the lead is not remoxed In tests of the relative 
toxicitv of lead acetate, lead chlonde and lead nitrate, no disUnct 
differences betxveen these salts were observed The addition of 
serum albumin did not markedly alter the results, but changes m the 
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hydrogen ion concentration caused striking variations At pH 
6.5, as would be expected, lead exercised much less effect than at 
pH 4 8. 

. The action of lead on smooth muscle as descnbed in these experi- 
ments is made very significant by the clinical observation that lead 
colic is almost invariably preceded and accompanied by obstinate 
constipation Tanquerel des Planches (453) lays great stress on this 
feature of plumbism in the twelve hundred cases which he reported 
Also Heubel (213) and Meillere (293) were both convmced of the dis- 
tinct connection between colic and constipation, and Oliver (337) 
and Legge and Goadby (252) were impressed with the relationship 
Furthermore, none of our patients developed severe colic even when 
excreting relatively large amounts of lead. This was probably due 
to the fact that constipation is prevented as part of a hospital regime 

Thus, there are two outstanding features of the mechanism involved 
in lead colic (a) Lead inhibits the motility of smooth muscle while 
it increases the tone, and (b) clinically cohc is preceded by obstinate 
constipation As yet, sufficient data for a definite physiological 
explanation of lead cohc have not been collected, but it is quite ap- 
parent that lead does not exerase a selective action on any of the ner- 
vous structures of the gastro-intestinal tract From a survey of the 
meager experimental data and the rather defimte climcal observa- 
tions, the most reasonable suggestion to eiqilain lead cohc is that lead 
acts directly on the smooth muscle of the intestine, producing increased 
tone and loss of motility, and therefore constipation results The 
griping pam of colic may be due to a reflex constnction which ap- 
proaches such an araotile, hypertomc area, a condition similar to that 
found in intestinal obstruction (63b) 

X\' NERVOUS REACTIONS 

Lead palsy. Paralysis is the most incapacitating mamfestation of 
lead poisoning and is especially distressing because of its chronicity 
and because the muscles affected are usually those most used m routine 
work. As almost all mvestigations of this condition have been patho- 
logical and chnical in nature and have consisted of careful general 
and microscopic examination of the neuro-muscular apparatus, much 
detailed mformation about the late gross and mmute lesions of palsy 
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has been collected From this, attempts have been made to deduce 
the process b> v.hich lead causes paralysis In order to evaluate these 
studies, It may be well to give an orderly and sy’stematic summary of 
the vanous tlieones ivhicli have been offered and to mention some of 
their proponents For convenience in discussion, the pathological, 
clmical and physiological aspects of lead palsy nail be considered 
separately 

Pathology From a study of the morbid anatomy and histology of 
patients with lead palsy, and from the observations on experimental 
animals, theones of the mechanism of lead paralysis have been evolved 
nhidi locate the primary lesions in every part of the ncuro-muscular 
system 

As long ago as 1879 Friedlmder (149) considered muscular cliangcs of 
first importance and desenbed a dcgcncratnc myositis in uliich the sarco- 
lemma nas primarily maolvcd and which nas characterized by marked 
fibrous tissue replacement He believed that the involvement of nerves 
supplying the atrophied and degenerated muscles were secondary to a 
pnmarv muscle mjuty East (231) was Uic only other investigator to 
commit liimsolf definitely in favor of this view until Messing (301) pointed 
out quite clearly that careful microscopic avamination always demonstrated 
that tlie lesions in the muscle arc more markdll than in any other part of the 
neuro-muscular apparatus Since the lesion is not a simple atrophy but 
really a specific inflammatory process, he concluded that lead must act 
directly on muscle and not merely interrupt trophic fibers by causmg lesions 
m penpheral nerves 

Other inv esligators have suggested that muscle plays only' a second- 
ary r61e m the etiology of lead palsy, and that lead acts pnmanly on 
the vascular system (218) (364) (381) (252) 

Accordmg to tliem, lead direcUv injures the vessel vails so that they 
rupture witli relative ease during muscular activity' in botli nerve and 
muscle jMe->5ing also believed Uiat the csscntml lesion in muscle was 
wsaibr, but in his careful examination he found tint the blood vcs'^cls 
v-tre aficcicd only m the muscles involved — a fact which throws doubt on 
the general vascular ■■ction of lead, and supports the view that lead acts 
dirtclly uponmu'cle 

Most pathologists, however, consider that tlie primary lesion of 
lead {laralysis is in tlie nervous system 'I he idea tliat it is in the 
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Spinal cord has many supporters (120) (380) (91) (313) (335) (499) 
(360) (443) (479) (381) (341), most of whom base their opinion on 
the appearance of distinct degenerative lesions in the anterior horn 
cells, while another large group of investigators consider changes 
in the peripheral nerves to be of fundamental importance (245) 
(490) (342) (92) (172) (77) (265), and describe a distinct Wallerian 
degeneration in the nerves running to the paralyzed muscles. 
Dej6rine-Klumpke (92) emphasizes the fact, which Gombault (172) 
first pointed out, that the lesion is distinctly peri-axial. 

The conception, however, that the lesion of lead paralysis is essen- 
tially complex has been most generally accepted, even by those who 
believe that lead acts directly upon a particular part of the neurone 
(36) (406) (371) (478) (357) (138) (435) (173) (494) (89) Accord- 
ing to this view, lead affects that part of the neurone which for the 
time being is rendered most susceptible by its functional condition, 
i.e , the locus mhwns resislentiae (379) (173). Recently Hyslop 
and Kraus (224) have summarized the pathology of lead palsy and 
have concluded that the lesion is probably a neuronitis which may be 
manifested in any part of the neuro-muscuiar apparatus. In evalu- 
ating this pathological work, however, it is important to realize that 
all examinations were made after death, and in many cases only after 
palsy had persisted for several years In most of these investiga- 
tions the attention of the pathologist was so focused on some special 
part of the neuro-muscuiar system that the rest was neglected, and 
usually it was the muscle which was ignored At best, post mortem 
examinations can give but a slight suggestion of the conditions which 
require dynamic methods of investigation. A satisfactory explana- 
tion, therefore, cannot be denved from pathological examinations 
alone. 

Clinical obsermiions. Quite early, investigators attempted to 
determine the pathogenesis of palsy by careful clinical examinations 
One of the first observations, that the extensors of the forearm are 
generally involved in peripheral palsy, suggested the idea that lead 
may be absorbed through the skin and thus injure the muscle by di- 
rect contact (280) (108) (276) (392) As soon as knowledge of the 
absorption of lead accumulated, however, this idea became untenable 
D6jerine (91), Remak (380), and von Monakow (313) believed that 
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only central lesions could cause paralysis of functionally correlated 
muscles and cxplam the symmetncal character of the lesions But 
more recent observations have shown that the peculiar local- 
ization of palsy has an altogether different explanation and that 
the symmetry of the lesions is over emphasized There is some 
climcal evidence which pomts toward the muscle itself as the site of 
the action of lead A reaction of degeneration is obtamed from 
direct stimulation of paralyzed muscles as well as of nerve, but that 
this may merely mdicate a secondary muscular atrophy following a 
nerve lesion must be kept in mind The susceptibility to fatigue 
and the general weakness of patients suffenng from plumbism have 
long been recognized by clinicians The occurrence of paralysis in 
fatigued muscles is said to have been first pointed out by Me>cr (304) 
m 1854, and defimtely desenbed by Moebius (312) in 1886 Through 
the work of Edinger (105) this observation has been made the most 
important single climcal contribution to the explanation of palsy and 
has been accepted by almost every student of plumbism (484) (455) 
337) (168) In an attempt to explain this observation, Hitzig) 
(218) in 1868 suggested that since the region with the greatest blood 
supply must receive the most lead, Uie fatigued muscles in which the 
circulation is greatly increased are necessarily exposed to the largest 
quantity of lead Such an explanation, however, gives no clue to the 
actual mechamsm by wluch lead acts on muscle tissue It is evident, 
tlierefore, that this interrelationship of fatigue and the development 
of lead palsy can be solved only by chemical and physiological 
in\ esUgation 

Physiology The importance of the action of lead on the physiology 
of the neuro muscular system was apparent to some of the carher 
mvcstigators, and in fact ns long ago as 1877 Muson (325) is reported 
to have demonstrated palsy in the hind limbs of frogs after immersmg 
the animals in water containmg lead He found no lesion in cither 
ncnc or muscle Since that time some interesting and suggestive 
experiments have been performed whidi constitute the basis of con- 
flicting theories These are fully discussed in an article by Rcznikoff 
and Aub (385) Harnack’s results (199) which were partly due to tlie 
cthvl group of the organic compound he used, led him to believe tliat 
lead palsy is caused b> direct injury to the muscles, and Cash’s un- 
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controlled experiments (71) confirmed Ms observation that after ex- 
posure to lead the relaxation time of muscle is prolonged. Mellon 
(296) also obtained data which seem to support the theory that lead 
produces a definite functional lesion in muscle Dozzi (100) on the 
other hand, suggested that lead might affect isolated nerve as well as 
muscle and obtained results which apparently strengthened Ms theory, 
but too much reliance must not be placed upon these observations 
because he used very concentrated lead solutions of unknown acidity 
which contained no other salts. TMs brief summary indicates that our 
knowledge of the physiological action of lead on the neuro-muscular 
system is very slight Such ignorance could in the past be accounted 
for partly by lack of knowledge of the physiology and chemistry of 
muscle, which recent mvestigation has removed to a considerable 
extent (139) (140) (141) (142) (144) (219) (216) (305) (115) (116), 
and partly by a lack of accurate chemical and physiological knowledge 
of the action of lead within the body. 

Some of our investigations have suggested a means of studying the 
physiological aspect of lead palsy In experiments dealing with the 
effect of lead on red blood cells (15) (16) (17), it was found that lead 
so alters the surface of the corpuscle that its permeability to water 
is changed. The question arises, therefore, as to whether lead may 
not act on the surface of muscle in a similar manner and thus change 
its permeability. 

Of the various methods of studying the passage of substances 
tlirough the surface of muscle (142) (219) (216) (305) that devised by 
Embden (116) is the most satisfactory for our purpose It is based 
upon Ms observation that an increase in the diffusion of inorganic 
phosphate from muscle is due to an increase in the permeabihty of 
the cell membrane Because of the ease of determining the quantity 
of inorganic phosphate in solution we have employed tMs method in 
a study of the effect of lead on the permeabihty of the surviving muscle 
of the frog (385). 

In our experiments, isolated muscles from frogs were placed m beakers 
containing Ringer solution The quantity of inorganic phosphate which 
diffused into the bathing fluid was determined hourly until a low and prac- 
tically constant value was obtained One of the muscles ivas then placed in 
Ringer solution contaimng lead (0 05 mgm Pb per cubic centimeter) and 
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allowed to stand for one hour, r\h!le the other t\i5 kept as a control m 
regular Ringer solution Both muscles were then transferred hourly to 
fresh Ringer solution and the inorganic phosphate content of corresponding 
solutions from the control and “leaded” muscles was determined The 
analysis for inorganic phosphate was earned out ba a modification of the 
Bell-Doisy blood method in which the protein precipitation stage was 
omitted, and the entire quantity of fluid was compared with standards 
prepared simultaneously with the unknown Nessier tubes were substi- 
tuted tor a colorimeter, in order to decrease the error m matching tlie very 
faint colors produced b\ the small quantities of phosphate From these 
results, a cura e of phosphate diffusion was obtamed for each muscle and anv 
difference caused b\ the action of lead could be determined 

Thirty'-four out of thirty-fne cvpcninents showed quite definitely’ 
that the diffusion of inorganic phosphates feapressed as milligrams 
of I’ per gram of muscle per hour) increased markedly after “leading ” 
Control muscles underwent no such change, except for a slight in- 
crease following stimulation in some experiments Their diffusion 
followed the same course as that in Fletcher’s CO- experiments, 
which was charactcrired bj an immediate raynd decline succeeded bv 
a very gradual decrease in the rate of diffusion A summary of the 
results of all the positne expenments shows that after exposure to 
lead the average rate of diffusion rose 320 per cent above the lowest 
value In only two cases was the increase less than 100 per cent 
while in nine it was between 100 and 200 per cent, m ten, between 
200 and 300 pet cent, and in two evpcnmcnts more than 1000 per 
cent Figure 30 illustrates one of tlic most striking evpcnmcnts and 
figure 31 IS a composite curve of all the 34 positive results \fter 
the muscles were removed from the solution of lead, there was con- 
siderable variation in the length of time which elapsed before the 
diffusion of phosphate became maximal, but as a rule this was about 
three hours The duration of maximal diffusion was usually onl\’ 
one to two hours, but in most casts the rate did not return to the low 
original value during the evpenment 
Other f ictors than exposure to lead such .is stimulation, injury , 
or rigor may liter the rite of phosphate diffusion Control expen- 
ments showed tint injury w.as a negligible l irtor in this work and 
that stimulalioii jiroduccd only .i very slight nse in sonic casiv 
Kigor was avoidcil bv jirovading a constant supplv of ovvgcn .md bv 
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preventing undue fatigue Although the relationship between rigor 
and the muscular changes caused by lead cannot be considered in 
detail here, it will be of interest to remember that rigor is supposed to 
be due to the acid products of fatigue Examination of muscles 
after exposure to lead demonstrates that they are shrunken, of rub- 
bery consistency, and lusterless — m fact, qmte comparable in appear- 
ance to muscles in rigor. 



Fig 30 Fig 31 


Fig 30 Chart Showtxg Effect of Lead otox the Rate of Diffusion’ of Ixorgakic 

Phosphates feom jMuscle 

The hea^y line represents the rate from “leaded” muscle, the light line that from the 
control muscle The arrow represents penod of exposure to lead (0 05 mgm Pb as 
PbCl- per cubic centimeter Ringer solution) 

Fig 31 Composite Chart Showixg Effect of Lead upox the R.ate of Diffusion 
OF IxORGANHC PhOSPH-ATES from hlUSCEE 

The hea\y line represents the rate from the muscle exposed to lead solution, the light 
hne that from the control The arrow represents penod of exposure to lead (0 05 mgm 
Pb as PbCl 2 per cubic centimeter Ringer solution) 

Some other observations merit consideration If a “leaded” 
muscle IS treated v’lth ammonium sulphide and examined under the 
microscope, all the lead appears on the surface and none has penetra- 
ted into the muscle Another fact is also of mterest m this connec- 
tion When a muscle is exposed to lead there is a change in the reac- 
tion of tlie surrounding solution, in one case from pH 6 5 to 4 8, m 
a second experiment to pH 5 5, and m a third to pH 6 1 Such an 
increase in acidity agrees witli the results of our v ork on the effect 
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of lead on red blood cells, r\hich show that soluble lead salts unite iiith 
the inorganic phosphate to form insoluble lead phosphate witli tlie 
liberation of free acid To determine the effect of acid on the per- 
meability to inorganic phosphate, acid Ringer solution iias added to 
muscles In one case, in iihich the pH of the Ringer solution i\as 
4 5, the permeability of tlic treated muscle remained practically like 
that of the control, but in tiio c.\penments m iihich the pH of the 
Ringer solution yas 3 a, the rate of phosphate diffusion increased 
markedl) at once The maximum increase t\ as very brief, but through- 
out the experiment the rate of diffusion remained constant and did 
not decrease as did that of the control In one case it remained tM ice 
as high as the original rate before exposure to acid The maximum 
increase in diffusion due to acid xxas 140 per cent in one of these ex- 
periments and in Uie other 520 per cent lhat this type of c-xperi- 
ment is not comparable to those m xxhicli the muscle is esiioscd to a 
lead salt, must be remembered, for in the latter case acid is produced 
m the tissue of the muscle and the buffer phosphates mustbcdiminished 
by their interaction tilth lead But these acid experiments offer 
further evidence tliat xthen lead salts act on isolated muscle the reac- 
tion tthich probably' occurs is similar to that with red blood cells, and 
as a result Uiere is a marked change in the penneability' to inorgamc 
phosphate That this is due to an alteration of the surface and not 
to the break-down of increased amounts of organic phosphate within 
the muscle, is indicated b\ the increased rate of diffusion after reniot al 
of the muscle from the lead solution and by' the persistence of this 
increase for several hours, usually throughout the experiment 
Such a sinking change in the permeability of the surface of muscle 
to inorganic phosphate suggests that lead may hat c a demonstrable 
effect on the actixaty of isolated muscles lo determine tins, experi- 
ments were performed on nerxc-muscle preparations (sciatic-gastro- 
cnemius) in specially constnictcd chambers which are fully described 
in a detailed account of tlie experiments (3S5) These permitted 
simulUneous stimulation of either both nerves or both muscles since 
the electrodes were arranged m senes, and also allowed the Ringer 
solution to be draw n off for analt sis of inorganic phosphate 
Thirteen experiments were performed with tetinie stimulation 
In fit c of these no difference could be seen in the rate of onset of fatigm. 
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in the control and 'leaded’’ muscles, probably because the great 
amount of work done fatigued both muscles very rapidly and caused 
rigor In no case, however, did the control fatigue more rapidly than 
the “leaded” muscle In eight experiments in which the control 
muscle remained in good condition, the “leaded” muscle fatigued very 



Fig 32 Gicvrnic Record or Muscular Response to Interjiittent Tetanic Stbiu- 
LATioN Before and After “Leading” 

C IS the tracing made b 3 ' the control muscle, L is the tracing made by the “leaded” 
muscle (0 05 mgm Pb as PbCh per cubic centimeter Ringer solution) The figures 
indicate the periods of stimulation, the crosses represent readjustment of the after 
loading of the muscles 

rapidly and usually did not recover Figure 32 illustrates one of 
these 111 which tlie muscle was stimulated directly and the rate of 
phosphate diffusion was determined hourly (fig 33). This e.xperi- 
ment demonstrated several interesting facts The “leaded” muscle 
fatigued much more rapidly than the control and failed to recover 
The excellent initial contractions obtained after removal from the 


LEAD POISONING 


173 


lead-Ringer solution dcmonstritc that the action of lead is mani- 
fested only after muscular activity Comparison of the diffusion 
curve and muscle tracing show s tliat the greatest quantity of phosphate 
diffuses when the muscle is most fatigued dunng the first, second, and 
especially the third hour after exposure to lead 
Because tetanic stimulation seemed to fatigue control muscles so 
readilj , a senes of expenmen ts (ten) v\ as performed i\ ith make and 
break stimulation These tests showed verv distinctly that after an 



I ic 33 Cii \ET Siioinso Vari \T^o^^ or tjif It \Tt or Inorc \mc Phosi a mt Diffusion 
rROMNoRiui \XD“liiDin Alf-cus DoRist Tirivic Stimuution 
The licii^ line represents ihc rite from the "leaekO” muscle (0 05 mjim Pb ns PhCIi 
per cubic centimeter Kinger solution) the light line that from the control muscle 

initial period of sustained uniform contraction, Uie “leaded” muscle 
fatigues more r ipidlj and complcttlj , and recox ers w itli much greater 
ditficultv than the control in c\ ery case (fig 34) From these inx esti- 
galions the conclusion mix be drtwn, Uiercfort, that lead interferes 
witii the function of isolated muscle xerj markcdlj Stimulation 
produces filigue much more rapidlx after exposure to lead, while 
recoxer^, (hnicult at best, in most casts does not occur at all 
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The next question to be considered is the effect of lead on nerve 
Because of the clinical designation of lead palsy as a peripheral neuritis 
as well as the occurrence of lesions in peripheral nerves, the impres- 
sion is prevalent that lead acts specificallj^ on peripheral nerve The 



Fig 34 Graphic Recokd of SIuscuij\r Response to and Breax Sthiulation 


L IS the (racing made b\ the “leaded” muscle (0 05 mgm Pb as PbCt per cubic centi- 
meter Ringer solution), C that of the control 

only e\perimental study of this problem reported in the literature was 
made by Dozzi (100) which has alread}’^ been criticized 

The action of lead on isolated nerve has been studied in this labo- 
ratory (385) As judged by muscular response, the conductmt}’’ 
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of the “leaded” nerve was exactly the same as that of the control 
even after axposure to concentrations of lead as high as 0 46 mgm 
per cubic centimeter— the largest quantity soluble in Ringer solution 
of pH 6 5 Therefore, as far as such expenments can determine, lead 
products no decrement m nerve conduction To check these results, 
an attempt w’as made to determine bv' the string galv'^anometcr the 
action currents of both nerve and muscle as a delicate index of func- 
tion In one of a pair of nerve-musclc preparations the nerve was 
exposed to lead, m the other the muscle One experiment demon- 
strated quite distinctly that after fatigue tlie action current of the 
“leaded” muscle diminished rapidly and soon disappeared entirely, 
while that of the control muscle returned to normal within a short 
while and persisted until the end of the experiment Similar un- 
diminished action currents were obtained from both normal and 
“leaded” nerves Thus, the distinct inhibitor> action of lead on 
isolated muscle and the lack of deleterious action on nerv e is conhrmed 
In the explanation of lead palsy , as it occurs in life, the experiments 
described serve merely as preliminary' and suggestive observations 
whidi must bt correlated with the production of palsy in living ani- 
mals if they arc to hav c any’ important practical significance The 
ample evidence that in life lead paraly’sis develops in muscles which 
are fatigued (304) (312) (105) (484) (455) f337) links the problem of 
lead [lalsy vvitli tlie chemistry of muscular fatigue and suggests a 
method of investigation in inlict animals Consequently, a scries 
of expenments was earned out in an attempt to obtain explanatory 
data In order to produce unilateral fatigue, w eights w ere attached to 
the dorsal surface of the right forepavv of sev crely “leaded” and con- 
trol cits, and tlie animals were exercised daily in a revolving drum 
Marked fatigue was thus obtained in the extensor muscles of the right 
forepavv by constant raising of the weights When a distinct difler- 
ence between the weighted limb and the other beoimc ipparent, the 
animal was anesthetired and the thresholds of these muscles and their 
nerves were determined The results of these mammalian experi- 
ments arc V ery striking 'Vfter the admmistrition of lead all the cats 
lost weight verv rapidlv and within one or two weeks showed dis- 
tinct lead lines and became fatigued by exercise very easily Ihe 
weighted foot showed di-tinct signs of weakness after about two weeks 
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of exercise This was manifested by difficult}'- in extending the foot 
when the weight had been removed for twenty-four hours, and was 
especially marked if the animal was held b}^ its neck and permitted 



Fig 35 Pictgkl of C'it Showing Pai.s\ of Right Forepaw 

to reach for tlie top of a vindow ledge Figure 35 illustrates the 
flexed position of the right forepaw in one of the “leaded” cats Some 
of tlie animals limped decidedly in walking When the weights were 
still attached, the contrast between the “leaded” and control animals 
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■was even more staking Those sufiermg from plu-mbism could not 
hft the -weighted pa-w -without great cUort and tlien only with the 
aid of the upper leg muscles, while the control animals lifted botli 
paws with equal ease After running in the drum, these differences 
were accentuated The “leaded” cats tired much more qmcklj , and 
to a greater degree than did the normal animals, and exlubitcd a \ ery 
striking fatigue of the weighted hmb, which usually completely 
prevented extension of the paw They took shorter steps -witli the 
weighted limb while running, and seemed to lean toward the left 
This picture fits almost all of our “leaded” cats in practically every 
respect 

One of the most sinking features of these experiments is the sinu- 
lanty between the threshold of the unweighted muscles of the “leaded” 
animals and that of both unw’eighted and weighted muscles of the 
controls when stimulated by nerve The threshold of the weighted 
muscle of the “leaded” animals to stimulation through nen e was 
alwajs very much higher whenever the muscle was distmctly weaker 
than that of tlie opposite side (four cases) The relative difference 
between the two sides was also apparent with direct muscular stimu- 
labon in most of the cases tested 


Troper appreciation of these experiments requires a bnef considera- 
tion of the chetmeal relationship between lead m the body and the 
products of muscular activity Lead is deposited in the bones as 
insoluble lead phosphate (see page 43) but is mobilized by vanous 
'changes m metabohsm As is discussed elsewhere (section TV'), 
lead probably acts in this way because the phosphate is very soluble 
in aads, cspeaally m lactic aad which is liberated in large amounts 
dunng muscular acti-nty, particularly dunng fatiguing exercise 
(387) (26) Therefore, when lead phosphate arculates through mus- 
cle undergomg vagorous exercise, it must be dissolved to a considerable 
extent by the lactic aad and thus be converted to lead lactate 
If such a soluble lead salt as the lactate comes into contact with a 


eell, It can umte watli the inorgamc phosphate present at the surface 
(129) and form insoluble lead phosphate and free lactic aad In 
''ork already reported (17) it was suggested that the prcapitation of 
tbis insoluble lead salt, which is accompanied by the hberation of 
bee aad and the removal of buffer phosphate, changes the colloidal 
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State and the properties of the cell surface There is considerable evi- 
dence that this occurs in muscle Clinical observation has established 
the fact that the muscles paralyzed are those which are most used. 
As far as is known, only muscle and not nerve becomes fatigued; and 
experiments in vitro have demonstrated that lead does not interfere 
with the function of isolated nerve, whereas it does affect muscle 
markedly. This change in muscle function is preceded by an altera- 
tion of the surface permeability, and it is therefore very probable 
that lead acts upon muscle just as upon red blood cells, by changing 
the permeability of the surface 

Thus these considerations afford a possible explanation of the de- 
velopment of lead palsy Lead is transported by the blood as an in- 
soluble phosphate in colloidal state In regions of muscular activity 
this is dissolved by the excess lactic acid which diffuses from fatigued 
muscle cells and is converted mto lead lactate As the soluble lac- 
tate comes into contact with inorganic phosphate at the surface of 
muscle cells, the lead is reprecipitated as insoluble phosphate — a 
reaction dependent upon the relative concentrations of lactate and 
phosphate. This work, therefore, suggests that the physiological 
lesion of lead palsy is in the muscle itself and that those muscles which 
are fatigued are most susceptible to lead paralysis. Furthermore, it 
suggests that the susceptibility to lead palsy depends on the chemical 
reactions between lead and the metabohc products formed during 
muscular activity. 

The question of how to correlate these results with the pathological 
and clinical observations naturally arises There is no doubt that 
distinct lesions occur in the peripheral nerves and spinal cord in lead 
palsy. That a lesion in a neurone is followed by peripheral degenera- 
tion is well known and is the foundation for the opmion that palsy 
is essentially of central origin But the occurrence of distmct pri- 
mary lesions other than atrophy in the muscles and simple Wallerian 
degeneration in the peripheral parts of the nerves, demands some 
explanation of primary peripheral injury and secondary central de- 
generation This question troubled even the early workers 

Putnam (371) thought that central changes might be secondary to 
peripheral mjur)" although he offered no explanation, and mdeed this has 
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been suggested by all investigators who bebeve that lead paralysis is 
essentially a neuronitis According to JleiUere (293), the most vulnerable 
part of the neurone is affected by lead, and a lesion once formed may spread 
either ccntnfugally or ccntnpetally Although Kemak (380) considered 
palsy to be of central origin, he stated that for the most part lesions are 
present m the muscles and m the peripheral parts of the nerves and that they 
become less marked centrally This was expressed even more positively 
by Leggc and Goadby (252) who said that the more recent the palsy the 
more severe are the peripheral lesions, and that as the condition becomes 
more chrome the central lesions arc more marked Although the exact 
mechanism by which peripheral injury causes central lesions is not known, 
suggestive work by Orr and Rows (345) possibly throws some light on the 
subject By experiments with tetanus toxin, bactena, and dyes, they 
demonstrated a lymphogenous drainage from the periphery up the nerve 
to the cord, and the lesions which they desenbed were in the adventitia 
around the vems and capillaries, and seemed very much like the lesions 
characteristic of the early stages of various forms of penphera! neuritis 
Wabhe (480) explains the mechanism of diphtheml paralysis on the 
basis of these investigations This work, however, is merely suggestive, 
and further investigation is necessary before such an explanation can be 
applied to lead palsy 

In conclusion it must be pointed out that it is impossible to explain 
all the phenomena associated with lead paralysis Although under 
ordinary conditions lead may have no specific predilection for any 
tissues except bone, it may' produce a very marked effect upon certain 
tissues when their physiological conditions change Thus, the action 
of lead on quiescent and on fatigued muscle may be very different 
In the light of the more recent work on the chemistry of muscular 
activity and of lead within the body, it seems probable that the 
physiological lesion of lead palsv is m muscle The occurrence of 
pathological changes in nerve and spinal cord to which so mucli im- 
portance has been attributed by older workers, may, according to 
more recent views, simply result from peripheral injury Wliatever 
remote and indirect lesions lead may produce, it is probable tliat in 
lead palsy there is a close chemical and physiological rclationslup 
between the action of lead and muscular activity, wliicli may have 
great sigmficance in many cUmcal and therapeutic problems 
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X\T: MENINGO-ENCEPHALOPATHY 

Perhaps the most dramatic manifestation of lead poisoning and 
at the same time one which is of the most senous prognostic import 
is the development of acute mental changes This condition, loiown 
as encephalopathy, was descnbed as early as 1837 by GrisoUe (178). 
Many theories, which pomt to various structures as the site of lesions, 
have been advanced to explain the etiology of the symptoms En- 
cephalopathy has been ascribed to (a) cerebral arteritis (463), (b) 
cerebral arteriosclerosis (222), (c) cerebral anemia (390) (213) (293) 
(225) (300), (d) punctate hemorrhages due to arterial and venous 
degeneration (252), (e) urenuc manifestations caused by the action 
of lead on the kidneys (88), (/) the direct action of lead on the cortical 
cells (see Pathology), and (g) to meningeal lesions (315) (316) (332) 
(50) (466) (203). 

Analysis of these theories shows that some may be quite readily 
discarded. The isolated observations of arteritis and arteriosclerosis 
have never been substantiated The suggestion of other vascular 
changes as causative factors has more foundation Some evidence 
has been presented to support the idea that cerebral anemia, due to 
spasm of the vessels, is the basis of encephalopathy Siccardi and 
Dozzi (431) found that isolated arteries shrink in solutions of lead 
salts 1 but it is hardly probable that lead can thus affect the blood 
vessels in vivo (see Pathologj^) . Although lead is generally considered 
a vasoconstrictor and some believe that clinical conditions may be 
explained by this action (206), it has never been definitely shown 
that lead causes a general rise of blood pressure (131). Mason (282) 
obser\'’ed that after the injection of lead tri-ethyl acetate into animals 
the immediate fall of blood pressure was followed by a marked rise 
But it must be remembered that lead tn-ethyl acetate itself has atoxic 
action qmte distmct from that of lead Furthermore, Page (350) be- 
lieved that in workers who have been exposed to lead, hypertension 
usuallj^ is accompanied by some renal impairment The typical behav- 
ior of patients suffering from encephalopathy is another objection to 
the theory that cerebral anemia is responsible for the condition Smce 
anemia always causes unconsaousness, it cannot be the basis of 
sustained excitability, which is so frequent during this manifestation 
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of plumbism as to be almost characterisUc General secondary 
anemia, hovicver, is a common sign of lead poisonmg (see page 188) 
and might account for the punctate hemorrhages to nluch Legge and 
Goadby attnbute lead encephalopathy Their h>-pothesis tvhich is 
based on a few experimental observahons and pnnapally on a chmcal 
report b> Mott has already been discussed m the section onPatliology, 
and no further comment is reqmred to indicate its inapphcabihty 
to the mental symptoms of plumbism 
That encephalopatliy may be of uremic ongin, has never been 
substantiated bj' renal examination (see PathologjO The patho- 
logical picture, in spite of cluneal opuuon (493), blood pressure 
measurements, imne analyses, and blood dicmistry determinations 
has rarely pointed to the kidney as the immediate etiological factor 
in encephalopatliy (390) That lead acts directly on tlie cortical 
cells IS suggested by the presence of lead, although in verj small 
amounts, in the brain But the relatively shght damage seen in 
patliological examinations induced Meillcre (293) to point out that 
"the Molence of the symptoms observ'ed contrasts smgularly mth 
the prompt re-estabhshment of apparent intcgnt> ’’ He believed 
tliat aside from some evidence of anemia in the gray matter no other 
microscopic or macroscopic lesions exist 
The idea that lead encephalopathy may be pnncipally a memngitis 
or memngopathy is of quite recent ongin and is based on three separate 
pieces of evidence The patliological observ ations of Hassin (203) , tlic 
expenments of Camus (61) , and tlie cliangcs of the cerebro spinal 
fluid reported by Mosny and Malloizel, Norton, Boven, and Troisier 
At post mortem examination, Hassin always obsen’cd a marked 
proliferate e meningitis and m acute cases some round cell infiltration 
of the memnges The lesions in the brain, hoivever, were relatively 
inconstant and slight, and consisted for the most part of lascul-ir 
proliferation extending from the memnges In this conneebon it is 
interesting to note that almost all pathologists before Hassin had 
focused their attention upon the brain and had ignored tlie menmge-s 
Camus IS one of tlie few who have studied lead cncephalopatlii 
experimentally He mjected lead into tlie subarachnoid space of a 
dog bj astern puncture and witliin two or three davs sj-mptonis of 
cnccphalop-iUij ensued — exatabilitj, “halluniiations ” and con- 
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vulsions just before death If be injected lead directly into the 
brain substance, no symptoms developed and only encysted necrosis 
of small areas of the brain resulted Neither did the mere administra- 
tion of lead intravenously produce any mental symptoms, but of 
very great interest is the fact that simultaneous injection of a non- 
toxic aseptic irritant into the subarachnoid space and of lead by vein 
resulted in encephalopathy. According to Camus, lead is transported 
as particles of lead albuminate by the leucocytes and is excreted in 
the meninges when they are irntated or defective Since lead is 
carried in the blood as the phosphate in colloidal solution, this theory 
of the transportation of lead is incorrect; but Camus’ experimental 
observations are exceedingly important because they demonstrate 
the relation between the mental manifestations of lead poisoning and 
the pathological physiology of the meninges Although there is 
general agreement that the choroid plexus ordinarily beeps toxins 
out of the cerebro-spinal fluid, certain pathological variations make 
possible the ‘'secretion” or passage of toxins Ducrot and Gautrelet 
(103) demonstrated that methyl violet injected into the blood soon 
appears in the spinal fluid, and therefore concluded that this dye 
temporanly paralyses the choroid epithehum In cases of jaundice 
they observed that after methyl violet injections bile passes very 
easily into the spinal flmd Also Mestrexat (302) found that in cases 
of memngitis the choroid plexus, which is ordinanly impermeable 
to sodium nitrate, permits this salt to pass quite readily In fact, 
Levinson (259) demonstrated that when such substances as urea, 
chlonde, and sugar are retained m the blood, their concentration in 
the spinal fluid increases proportionally There is, therefore, sufScient 
evidence of variations in the permeabihty of the choroid epithelium 
during pathological conditions to suggest the possibility that such a 
mechamsm may operate to produce lead encephalopathy. 

Because patients suffenng from encephalopathy are very violent, 
it is difScult to examine them completely, especially to perform lumbar 
punctures Mosny and Malloizel (315) (316) have, however, been 
able to make routine lumbar taps and have found that the fluid is 
always under increased pressure and contains an increased number of 
l 3 mphocytes (the count averaging 100 per cubic millimeter) These 
evidences of mem'ngeal irritation during encephalopathy have also 
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been found bj Norton (332), Boven (SO), and Troisier (466) i\ho, 
in addition, noted that the globulin of the fluid was increased Mass 
(283) described a case, which he called serous meningitis complicating 
lead poisoning, in which the great increase m cerebro-spinal fluid 
produced a marked hydrocephalus Mosny dindes lead meningo- 
encephalopathj into four classes — acute, subacute, mild, and latent — 
and believes that he can distinguish between them by the spmal 
fluid cell count In the last few' years several cases of lead meningitis 
have been reported m small children most of whom ingested the lead 
bj eating the paint on their beds, or from lead compounds on tlieir 
mother’s skin (462) (449) (451) In all of these the spinal fluid 
showed definite signs of memngeal irritation As might be evpected 
with such small quantities of flmd as can ordinarily be obtained, 
tests for lead were negative It is therefore mteresting to note that 
0 08 mgm of lead were recovered from 80 cc of ccrebro-spinal fluid 
taken from one of our patients with lead enccphalopatliy 
This discussion indicates that in so called lead encephalopathy the 
memnges are primanly inv olved, or m other w ords that tlie disease 
IS really a memngopathy But it is important to remember that the 
subaraclinoid space is continuous with the tissues of the brain and 
with the nerves tlirough the perineural lymph spaces (51) and that 
not only lead but also any pathological products formed by the action 
of lead on tlie memnges may pass along this route Therefore the 
brain may be involved through the passage of cerebro-spinal flmd 
from the sheaths about the vessels to the penneural spaces Thus, 
some cnceplialopath> may occur, and there is a possibility that lead 
ambl>opia maj be evplaincd bj a smuhr mechanism (158) One ot 
the most intcresUng phases of tlus whole problem is the question of 
how lead can pass from the blood into the cerebro-spinal fluid Fur- 
ther investigation is necessary to determine what phj siological and 
pathological conditions render the meninges susceptible to chemical 
toxins circulating in the blood 

P,vsT IV Clinical 

■VV'II GENERAL CLINICAL DESCRIPTION AND DIAGNOSIS 

Lead poisoning is characterized by several clear-cut and typical 
signs and sjmiptoms dircctl> rcftrable to tlie absorption and action 
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of lead salts It is striking that there is an enormous variation in the 
immunity of different individuals to intoxication No test is now 
knovm which demonstrates before exposure the degree of suscepti- 
bihty, but by careful and frequent medical examinations of exposed 
individuals it is possible to recognize susceptibility before intoxica- 
tion has really developed. 

Inhere are, however, several factors which tend to reduce immumty. 
Certam races seem to be predisposed to lead poisoning That 
negroes are particularly susceptible has been stated by Edsall (106) 
and also pointed out to us by several physicians in white lead fac- 
tories where negro labor is used . Sex and age also influence immumty 
Children are said to be more easily poisoned than adults (337), and 
the prevalence of stenhty and the frequent occurrence of abortion 
among women exposed to lead is evidence of their greater suscepti- 
bihty (25). The numerous references to the role of the general bodily 
condition in determining individual susceptibflity and immumty 
emphasizes the importance of this factor In his book, Ohver (page 
207) states that “poverty and general depnvation predispose to plumb- 
ism’’, while Edsall reports that “any pre-existing disease that reduces 
the resistance, perhaps chrome renal trouble especially, increases the 
liabihty to attack ” “Any sudden unusual exposure, a dnnking bout 
or an infection such as influenza” may produce acute symptoms (421) 
And finally, previous attacks of lead poisoning facihtate the later 
development of symptoms, usually similar to those which appeared 
originally but sometimes of quite different type For instance, both 
colic and wrist drop may recur several times or a new manifestation 
such as encephalopathy may develop (421) 

Acute lead poisoning Although lead poisoning is generally con- 
sidered to be of two types — acute and chronic — there is much confusion 
about tlie exact line of demarkation between them, for the signs and 
s 3 Tnptoms characteristic of the stnctly acute t 3 q)e also may appear 
dunng crises in the chronic form of the disease The distmction 
should be recognized, however, which restricts the term acute lead 
poisoning to the intoxication resulting from sudden absorption of 
relatively large quantities of lead or to the disturbances which are 
rarely seen to follow brief exposure The differentiation is most 
clearly demonstrated in experimental animals Indeed, Straub 
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(447) states that m animals acute lead poisoning is a ph>siological 
experiment, chronic poisomng a disease After the rapid absorption 
of large amounts of lead the charactenstic acute signs and symptoms 
are vomitmg, gastro-mtestmal irritation manifested by pam, diar- 
rhea, and complete loss of appetite, general weakness, and a marked 
dehydration whicli may result in collapse or deatli In some cases 
destruction of large numbers of red blood cells m tlie penpheral cir- 
culation results in acute anemia and even occasionally m true hemo- 
globinuria Ockerblad (334) has recently reported a case m which the 
mgestion of 1 2 grams of lead acetate was followed by the appear- 
ance of 1 lead line around the teeth, stipplmg of red cells, marked hema- 
turia, epigastric pain, and general malaise In the literature are to 
be found descriptions of mild nervous disturbances or even of con- 
vulsions and coma following sudden absorption of lead Stewart 
(441) states that five patients who had eaten bread colored with lead 
chromate died with convulsions, and Orfila (344) observ’ed several 
cases of acute poisomng cliaractenzcd by severe colic and coma 
The signs and symptoms of acute plumbism in very' susceptible in- 
dividuals who have been exposed to lead for bnef penods are those 
more commonly assoaated witli the chrome form of the disease 
The acute type may therefore be recognized, but lead poisoning is 
usually chronic as it is most frequently caused by gradual accumula- 
tion and storage of lead in the body The sudden development of 
acute disturbances, however, may be similar in both types of the 
disease 

Chrome lead poisomng To define early or mild chrome lead pois- 
oning accurately is extremely difficult and necessitates clear differ- 
entiation between absorption, damage to body tissues, and intoxica- 
tion Evidence of absorption is the presence of lead in the excreta 
and tin, appearance of a lead line in the gums IVhile neither the 
presence of lead in the unne and feces, nor the discoloration of the 
gums demonstrates in itself tliat tlierc has been any injury to the or- 
ganism, both signify that lead has been absorbed 

Damage to body tissues may become manifest m many different 
Ways Lead may cause the early development of arteriosclerosis, or 
chronic nephritis as w tH as other degeneratn e changes whicli bear no 
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apparent relation to lead poisoning This renders diagnosis very 
difficult. The rate of incidence of these pathological conditions is 
not clear, for information has been based chiefly upon poor industrial 
statistics 

The more severe types of intoxication by lead are very easy to 
recognize, but the mild manifestations are so protean in character 
and develop so irregularly that differentiation between absorption 
and true intoxication is often nearly impossible Consequently, 
diagnosis must depend chiefly upon the number and intensity of the 
signs and symptoms. 

For certain diagnosis of early chronic poisoning, it is usually es- 
sential that at least one typical sign of absorption be present, and also 
two distmct signs of a generalized intoxication by lead There are 
four signs which most frequently appear during the early stage of the 
disease* (a) the ashen color of the skin, (b) the lead Ime on the gums, 
(c) stippling of the red blood cells, and (d) a mild secondary anemia or 
such other evidence of rapid penpheral destruction of blood as an 
increased quantity of blood pigment in the plasma or of hematopor- 
phyrin in the urine 

Pallor of skin Probably the most constant of the early signs is 
the ashen lead color of the face and pallor of the bps Examination 
of the blood does not confirm the suggestion that this is caused by 
severe anemia alone, and Koelsch (238) believes that it is partly due 
to the action of lead on the skm capiUanes The exact cause, how- 
ever, is not really known Schmidt (400) agrees with Teleky (456) 
that this gre3dsh pallor is very characteristic of lead poisomng, but 
thinks that intoxication may occur without it a pomt of view which 
our experience confirms. 

Lead line As previously noted the so-called lead or Burtonian 
hne was first descnbed by GnsoUe in 1835 (178), by Burton in 1839 
(59) and mentioned at about the same time by Tanquerel (453) 
It consists of fine granules of pigment situated withm the tissue of the 
gums about a millimeter from the border of the teeth By insertion 
of a piece of paper under the gum, its location within the tissues and 
its punctate character can be readily demonstrated. Because the 
discoloration is sometimes very faint, the Ime may often be found only 
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by careful examination of the margin of the gums with a hand lens 
after all pus and detritus have been wiped aw ay Typically it appears 
around infected or pyorrheic teeth, but occasionally maj be found in 
the buccal surfaces of the mucous membrane, i e , on the mside of the 
lips or cheeks near decaying teeth, and frequently at autopsy in the 
mticosa of the colon and lower portion of the small mtestine It is 
stated that similar pigmentation may be caused by copper, bismuth, 
and silver, but that its localization is qmte different 

Although the line may appear when exposure to lead has been 
very bnef, it usually persists for several months after exposure has 
ceased, indeed, Teleky (456) reports that he has seen it eleven months 
after the cessation of exposure, and in one of our cases the coloration 
was e\ndent for seven months when absorption of lead w as prevented 
In spite of the fact that the pigment lies actually wnthin tlie tissues 
and cannot be rubbed off, careful cleansing of the mouth and teeth 
eliminates the Ime in large measure We have never observed a 
recurrence of the line after it disappeared during the course of treat- 
ment, but in one patient suffering from acute plumbism, it did de- 
velop under the regular hospital regime without medication Fagge 
(124), however, reports that in three cases of chrome plumbism, the 
administration of potassium iodide was followed by the appearance 
of the lead line. 

The climcal sigmficance of this sign should be properly recognized 
It IS an indication of absorption onlv, and not of intoxication, but 
may almost always be found dunng even slight poisoning Its 
intensity and size provide a rough index of the duration and seventy 
of exjiosurc to lead, though it must be remembered that pvorrhei 
and dirty teeth markedly increase the rate of its development 

Sitpplwq of the red blood cells Another sign to which much im- 
portance has been attached is the appearance of stippling m the 
erj tliroc> tes Our evpencncc as w ell as that of some other writers, 
including Schoenfeld (403), is that stippling is the most reliable of 
tlie earlv, rather indefinite signs and sj-mptoms of lead intoxication 
Although 111 manv cases this basoplulic granulation of the red cells 
is clear evidence of the presence of lead within the body, certain 
factors must be considered belorc assigning diagnostic value to the 
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Stippling Even normal blood contains a very few stippled red cells; 
while during some chronic diseases, such as pernicious anemia and 
the leukemias (176), and also in certain diseases of infancy induding 
pneumonia (58) , they are very frequently observed (see section XI). 
Consequently before stippling can be considered a sign of plumbism, 
the possibility of other disturbances must be ruled out, and the pro- 
portion of stippled cells must be large enough to show that the blood 
is really abnormal Schmidt (400) has suggested that at least 100 
cells in every million must be stippled before any diagnostic value 
can be assigned to the change Our repeated daily examinations of 
the blood during plumbism confirm the observation of Meyer and 
Speroni (303) that the granulation varies markedly — ^it may be very 
intense one day and practically absent the next It is therefore 
important to base diagnosis on more than one observation and to 
prepare slides with great care (For methods see page 131 ) 

Although experience has proved that stippling is one of the most 
valuable of the early signs of lead intoxication, its exact significance 
is not known. Teleky (456) states that marked granulation is an 
index of the rapid absorption of lead, but the observation of marked 
stippling in one of our cases nine months after exposure contradicts 
his view and suggests that probably the red cells become stippled 
when lead is circulating through the organism and can affect both 
blood cells and body tissues Therefore, whenever it appears in 
large numbers of cells, further exposure to lead should be prevented 
immediately Both Teleky and Schoenfeld (457) report that stip- 
pling is more intense in early than in late severe plumbism, and 
several industrial writers confirm their belief by stating that it can- 
not be found in the blood of men who have been exposed to lead for 
long periods 

Anemia Associated with stippling in the blood as one of the very 
early signs of the disease, is a constant mild secondary anemia The 
mechanism by which this is produced has already been fully described 
(page 133). The reduction m the number of red cells is not ex- 
tremely great, and it is rare to find less than three milhon per cubic 
millimeter. The microscopic appearance of the blood is that of 
typical secondary anemia except that, some of the red cells contain 
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basophihc sUppbng Evidence of regeneration of blood cells is 
mamfcsted in early cases of mtoiacation by the increased number 
of reticulated cells As the marked penpheral blood destruction 
increases, the amount of blood pigments in tlie serum dilution test is 
high and the quantity of pigments m the bile is often increased The 
mereased resistance of red blood cells to hypotomc salt solutions has 
been described by Malassez (275) and von Liebermann (266), and 
tlieir observation has been confirmed by OrbSn (343), and m this 
laboratory (IS), but this is not usually sufficiently striking to be of 
much chmeal aid in differential diagnosis 

Lead is said to produce a relative lymphocytosis, so that though 
the total number of white blood cells is not increased, the percentage 
of l 3 ’mphocytes in the blood is raised (497) (422) Our differential 
counts, however, have not demonstrated this stnkmglj, for the 
average differential count has demonstrated about 28 per cent mono- 
nuclear cells 

Jaundice The face and sclera suggest by their shght yellow 
tmt that the intoxication has involved the liver (362) But the 
coloration is probaby due to an increase in the quantity of blood 
pigment in the plasma because of rapid destruction of red blood cells 
Evidence of this is found in observ’abons by Dr Chester Jones (229) 
of increased pigments in the plasma and bile It is true that Potain 
insisted that the hver dimimshcd in size during lead colic, but other 
observers have explamed tire dimimshcd liver dulness by dilatation 
of the intestines Tanquerel (453) recognized two tjpes of jaundice 
during lead poisoning Before 1840 he made a differentiation be- 
tween the two types by the statement that one v as due to “extra- 
vasation of bile from its usual reservoir,” and the other to “a direct 
change of the blood by lead ” He saw onlj 51 cases of tnie jaundice 
in 1217 cases of ledd cohe 

ntmoloporphyrtn In Germany many wnters have considered 
the presence of hematoporphynn in the unne an evidence of lead 
poisoning to which as much importance can be assigned as to stip- 
pling of tlie blood cells That it docs appear in the urmc has been 
fairly well ascertained (456), but its true significance seems to be a 
matter of debate 
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Gerbis (155) recognizes it as an important sign but bebeves that it cannot 
be used as certain evidence, for from 195 cases of lead poisoning he obtained 
the following data: 
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He does, nevertheless, consider that hematoporphynn appears more con- 
stantly in the urine than does stipphng in the blood, and gives data demon- 
stratmg that neither of these signs occurs in all cases In six patients he 
could find neither stipphng nor hematoporphynn in spite of other good 
dinical evidence of lead poisonmg Curschman, quoted by Telekv (456), 
has also obtamed data regarding its occurrence He found that it was 
present m the urine of 30 per cent of a group of subjectively normal in- 
dividuals who had been exposed to lead In 40 per cent of these positive 
cases it finally disappeared, in 10 per cent it was still present when observa- 
tions were stopped, and in the other 50 per cent definite symptoms of lead 
poisoning developed Unlike Gerbis, Teleky, and Schmidt, however, 
Curschman is reported to beheve that as much rehance cannot be placed 
upon hematoporphynn m the urme as upon stipplmg of the red blood cells 
And Schmidt (400) states that hematoporphynn “is found m other diseases, 
as m rheumatism, heart failure with stasis, etc ,” while Schoenfeld and 
Koelsch (238) have not been able to demonstrate that it appears constantly 
in the mine durmg plumbism 

Excretion of lead The appearance of lead in the excreta is con- 
sidered by many an early indication of lead poisoning Murgia 
(323), for instance, states tliat it is the earhest and most constant 
sign Too much weight should not be placed upon the presence of 
lead in the feces dunng exposure, for in analyzing these there is no 
means of distinguishing betw'een lead which has been ingested and 
unmediately excreted, and lead which has been actually absorbed 
In the urme, on the other hand, lead is present only after absorption 
into the circulation. During exposure, lead is not always excreted, 
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for all tliat enters the organism may be retained in the tissues Con- 
sequent!) , absence of lead in the excreta does not eliminate the pos- 
sibihty of exposure, and the presence of lead does not necessanly 
sigmfy intoxication The proportion of lead excreted b> the two 
routes varies greatly The quantity m the urine remains quite 
constant (see figs 20, 21 and 22) exen dunng medication, while that 
in the feces may become very large 
After exposure to lead has ceased, elimination m the excreta, es- 
peaally in the feces, may continue for a very long time We have 
found lead in the feces of a w’orkman three ) ears after he left his 
hazardous trade, and Oliver (337) has found it in the urine elev en 
years after remov’al from the hazard Even when tlic excreta con- 
tain lead for such long periods, there is no justification for assuming 
that lead has produced deleterious effects These, of course, should 
be looked for, but lead may and often does enter and leave the body 
without causing mtoxication, and may at one time or another be 
excreted by any one exposed to lead 
0^hcr signs The other signs wluch commonly appear in the early 
stages of lead poisoning arc not as constant as those already men- 
tioned A fine tremor may frequently be seen in early as well as 
m advanced cases Although it is often not very^ striking, it is 
located m the muscles of the hand, the tongue, or face particularly 
around the eyes, and the eyelid, and is sometimes mamfested as 
fibnllarv twitclung It is easily confused watli tlic tremors found in 
many other diseases, and cannot, therefore, possess much diagnostic 
importance, but its frequent appearance dcserv’cs notice 
Another early sign of plumbism often mentioned by industrial 
physiaans is high blood pressure In our cases this could not be 
observed, and it hardlv seems probable that hyqicrlcnsion can be 
of any' great value m the diagnosis of early lead poisomng 
Telckv (ISS) considers a dimimshed power to extend the wrists 
a very common early sign of the disease 
Associated with these signs are many symptoms, sucli as headache, 
indefimte weal ness and lassitude, lack, of appetite accompamed by 
loss of wught, nausea, consUpation, mctalhc taste m tlie mouth, 
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and haKtosis, These signs and symptoms together are charac- 
teristic of the early stages of lead poisoning 

Toxic episodes. Workmen exposed to lead may frequently show 
the early signs for a long time without any acute developments 
Then suddenly one ,of the toxic episodes (called “symp tomes episo- 
diques” by Vibert (477)), may be precipitated These are colic, palsy, 
encephalopathy, optical disturbances, and so-called lead arthralgia. 
Why some people develop these after only a few weeks of exposure 
to lead, while others show nothing for many years and then suddenly 
develop colic or wrist drop, is difficult to understand But immumty 
is always relative, and may be broken down by several factors which 
influence the general physical condition Ohver (337) mentions 
undernourishment and poor diet, and Edsall (106) chronic diseases, 
particularly nephntis, as predisposing influences Likewise, an acute 
infection, such as pneumoma or influenza, is very apt to produce 
acute symptoms, as Mar\dn Shie (421) and also Dr Brockway of 
Brooklyn^ observed during the influenza epidemic of 1918. Delearde 
and Du Bois (93) and others have also noted that lead cohc usually 
follows a few days of alcohohc excess, and Shufflebotham (427) 
has seen acute symptoms develop in a lead worker after injur}'- 

Once an acute symptom has appeared, attacks follow with in- 
creasing ease Lead cohc, for instance, tends to recur, and muscles 
which have been paralyzed or weakened usually suffer the first injury 
on re-exposure. But succeeding attacks are not necessarily similar 
in character, and the acute symptoms of a second attack may be 
entirely different from those of the first Marvin Shie describes 
cases in which w'nst drop followed re-exposure to lead although 
muscular weakness had not been a previous symptom. Even with- 
out a second absorption of lead from external sources, attacks of 
lead poisoning may recur 

Colic. The most common and dramatic of the acute mamfesta- 
tions of plumbism is colic Tanquerel reports that of 1493 cases 
of lead poisoning, 1207 suffered from this symptom — ten times as 
many as from palsy, and seventeen times as many as from encephalo- 
pathy Consequently, it is usually the first acute episode to develop 

To most observers the term cohc implies the severe intestinal pam 


’ Personal communication 
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which so very frequently follows absorption of lead, but this is onl> a 
restneted use of the w ord Since any of the smooth muscles of the 
body may be affected by lead, cohe may be of vanous types At 
times spasms involve the muscles of the bladder and prevent urma- 
tion Tanquerel describes involvement of the muscles of the tcsbcle, 
and also spasm of the uterine and vaginal muscles which produces 
pain similar to that of cliild-birth In givmg enemas, we have ob- 
served contraction of the rectal sphmeter on insertion of the catheter 
By far tlie most common mamfestation, however, is that which m- 
volves the intestinal tract 

While suffering from cohe, patients are cold, pale, and often 
drenched w'lth perspiration They commonly bend over and writhe 
about the bed m intense pain Between attacks they are usually 
very restless, probably because of the sense of constant pressure m 
the abdomen which persists even between the intermittent spasms 
The pain is of a tearing or griping nature and its intensitj varies 
markedly It occurs intermittently but with no apparent reguhnty 
— attacks are separated by intervals of only a few minutes or several 
hours Although usually below the umbibcus, the discomfort shifts 
from one part of the abdomen to another, and patients often show 
its location characteristically bj' spreadmg both hands widelv over 
tile lower part of the abdomen Sometimes local areas of hjqieres- 
thesia which migrate are present 

Acute attacks of colic are nearly invariably preceded by several 
days of obstinate conshpation During both this prehmmary penod 
and the attack itself, there fs often a desire to defecate, but there is 
usuallj complete inabilitj to pass anything except sometimes a small 
quanUtv of mucus The vomiting, which occurs quite frequentlj 
With the onset of pain, may be of very bncf durabon or may persist 
unbl the other acute symptoms subside Ihe vomitus usually con- 
tains bile, IS green and frothj in appearance, and small in amount 
Excretion of unne is decreased 

The appearance of the abdomen dunng attacks of colic is quite 
cliaractenstic It is rardj distended, but is usually scaphoid m 
shape and held tenselv and ngidlj Between attacls of pain the 
abdomen has a generalized doughj resistance and there is no true 
abdominal spasm 
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In duration as well as time of onset, colic is very variable Of 31 
cases which Tanquerel des Planches observ’^ed in the hospital TOth- 
out treatment, one recovered on the fourth day, one on the seventh, 
and eleven between the eighth and twelfth In fifteen, colic per- 
sisted imtil treatment was begun after more than twelve days in the 
hospital Brouardel (55) states that cohc usually }aelds to treat- 
ment within eight days, but that if neglected it may continue for 
from two to five or six weeks Usually, however, m our experience 
treatment brings relief ■nuthin two days 

Diffoential diagnosis Differentiation between lead cohc and the 
abdominal inflammations which require prompt surgical treatment 
is often very difficult in spite of several marked charactenstics The 
historj’- of exposure as weU as other evidence of lead poisoning help 
markedly in estabhshmg diagnosis Durmg true lead cohc, the 
temperature rarely rises more than one degree The number of 
white cells in the blood remains nearly normal, hnd any increase is 
caused by mononuclear rather than by polymorphonuclear leuco- 
cytes The pulse is often remarkably slow There is also no real 
muscular spasm, though the abdominal wall may feel generally 
doughy and resistant There is also the usual history of marked 
constipation 

Prognosis. In itself lead cohc is not dangerous In fact, Lewin 
is said by Brouardel (55) to have collected data from six thousand 
cases which show that in this number death resulted from colic only 
once. Recovery is always fairly prompt and complete though con- 
stipation tends to persist As has already been mentioned, a single 
acute attack of lead poisomng renders an individual more susceptible 
to future attacks Distributed through the literature are histones 
of cases in which, without further exposure, cohc has recurred many 
years after the primary exposure had ceased This usually occurred 
after severe iUness or alcohohc debauch or after the administration 
of potassium iodide 

Lead palsy. Another striking but less frequent manifestation of 
lead poisoning is palsy. This was recognized by the ancients and 
as early as 1656 Stockhusen (444) wrote a good treatise localizing 
the lesion. Many others, particularly De Haen (90) in 1771, studied 
it well clinically, but Tanquerel des Planches (453) and Duchesne 
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(102) m the early part of the nineteenth century gave the most 
satisfactory' clinical descnption 

Probably when these investigators lived, lead palsy was a far more 
common mamfestation of plumbism than it is at present, because 
exposure to lead was mudi more severe Uian now But m only 13 
per cent of the cases of lead poisomng seen by Tanquerel was it 
observed 

Prodromal signs Usually before the typical symptoms of this 
type of lead poisoning become evident, prodromal signs appear 
Cohe, for instance, or other acute manifestations may occur, or a 
general lassitude accompamed by painful cramps or tremor of the 
muscles whidi are later involved Sometimes formication, numb- 
ness or a dull ache, and very rarely hy'peresthcsia, develop m the 
injured regions “Even when sensibility is in the normal state, 
patients experience a sensation of fatigue and heavmess in the para- 
lyzed parts, prinapally in the articulations connected with affected 
muscles” (4S3) 

The manifestations of palsy are very vaned m character and 
seventy Muscular weakness may be the only sign of injury or 
motion may be completely lost The appearance of symptoms may 
be quite gradual, or verv rapid as in the cases reported by Sclilapp 
(399) and by Windschcid (495) w'hcn paralysis dev eloped suddenly 
and without warning after trauma Shie (421) states that this may 
also occur upon re exposure to lead 

The onset of paraly sis does not appear to be closely related to length 
of exposure In 102 cases observed by Tanquerel in industry, palsy 
developed in 9 during tlie first month of work, in 14 during the second, 
m 36 wathiii the first two vwars, in 32 after ten vears of exposure, 
in 13 after twenty years, and in one after exposure had continued 
(or fiftv-two years Thus neuromuscular lesions may develop at 
almost any stage of plumbism 

Perhaps the most satisfactory description of the different tyjies 
of lead palsy has been given bv Dejenne-Klumpke (92) in her book 
published in 1889 By far the most common form is the well known 
wnst drop or nntibrachial paralysis which may be limited to tlie 
extensor muscles of the middle and nng fingers In one c.isc which 
we have observed, in spite of continued exposure, such paralysis did 
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of great interest, for in their work file cutters not only use particularly 
the muscles mentioned above but place tlie greatest strain upon the 
left hand 

Although not a frequent occurrence, paralysis of the low er hrabs 
docs develop dunng lead poisomng In. 97 cases of palsy Tanquerel 
observed it 15 times, and Thomas (461) reports that it occurred in 
4 of his 31 cases Of these 19, onl> 5 patients suffered from paral- 
ysis of the lower limbs without involvement of other parts of the 
body Although sometimes generalized, this type of paralj sis 
commonly develops in regions analogous to those affected by wnst 
drop — in the lateral peroneal muscles, the common evtensor of the 
toes, and the extensor of the large toe The other muscles of the 
leg, however, retain their normal strength 
In addition to these charactenstic mamfestations of lead palsy, 
certam more generalized disturbances maj be observed during 
chrome poisoning Paraljsis may spread from the leg or hand until 
b> involving the diaphragm or larynx it causes death Tliere are 
other generalized cord lesions which have been attnbuted to the 
action of lead Putnam (370) reports several cases, which were 
proved to be a mamfestation of plumbism by the presence of lead in 
the unne, which looked like lateral sclerosis, and those of several 
other investigators bore a strong resemblance to diffuse anterior 
pohomvelitis(369) A few casesof generalized piralj sis, amjotrophic 
lateral sclerosis, and spastic paraplegia have been reported (461) 
(419) (109) (28) (318) (270) (311) which seem probably to be caused 
by lead Putnam mentions that in five cases of pseudo-tabes, with 
mcoordination and ataxia, in which lead w’as excreted in the urine, 
prompt recovery followed treatment Recently, Kraffczjk (241) 
has reported an interesting case of cerebellar ataxia caused by lead 
The red blood cells of lus patient were stippled, and anemia, n>stag- 
mus, and general weakness with marked ataxia were noticeable 
Tfic muscles most affected were those most fatigued In most of 
the reported casts of generalized cord lesions, however, sufficient 
evadtnee of lead poisomng is lacking 
A iheor> explaining tlie localization of lead paralysis ws first 
clc^lj developed bj Edmger (105) 'Manouvner (280) noted an 
1874 that in a stnts of cases, palsv was most cvaduit m the hand 
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most used, a fact whicli lie explained by direct absorption through 
the skin. Two years later Remak (380) pointed out that the muscle 
groups functionally related are involved in characteristic order 
irrespective of their innervation Ten years later Moebius (312) 
reported that in file cutters, palsy usually develops in the thenar 
and hypothenar eminences of the left hand — ^musdes which are 
greatly fatigued in their work, and by 1908 Edinger (105) had fully 
developed his theory of the appearance of palsy in those musdes 
which are most used This was followed in the next year by 
additional evidence from Telek 5 >- (455). This whole theory is very 
important and is but little disputed at present The experimental 
data upon which it is based have already been discussed 

There are certain features of lead paralysis which facihtate diag- 
nosis and should always be kept in mind It is almost never as- 
sociated with fever, and this fact, as well as absence of stiffness in the 
neck, localization in the most used muscles, and the occurrence of 
some of tlie various other signs of lead poisoning, must sometimes be 
the basis of differentiation between lead palsy and pohomyehtis. 
Progressive muscular atrophy, amyotrophic lateral sclerosis, cer- 
vical nb, arsenic or alcoholic neuritis, and similar conditions must 
also be differentiated 

If further absorption of lead is prevented as soon as paralysis 
develops, complete recovery usually occurs, although it is often very 
slow. Teleky states that continued exposure retards or prevents 
improvement Wrist drop which has persisted for very long periods 
may gradually disappear almost entirely It is interesting that 
the muscles first affected by lead palsy are the last to recover 

Lead encephalopathy. In almost every case of plurnbism there is 
a change in the mental attitude which may be so slight as to be over- 
looked entirely, or ma}"- consist in general sluggishness and dulness, 
witli poor memory, inabihty to concentrate, and a tendency towards 
restlessness and irritability Although in some cases encephalopathy 
may develop suddenly and without warmng, these same symptoms 
in a shghtl}^ exaggerated form often precede the onset of severe dis- 
turbances There are in addition, certain other prodromata de- 
scribed by Grisolle (179) and Tanquerel which deserve mention. 
Any signs or s 3 mptoms of lead poisoning, no matter of what charac- 
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ter, may appear before encephalopathy becomes mamfest, and 
restless sleep, general nervousness, mental depression, persistent 
headache, vertigo, faintness, transient paralysis, tremor of the hands, 
and tingling sensations may be noticeable shortly before the onset 
of general convulsions 

Fortunately, as industrial conditions have improved with fuller 
knowledge of lead poisoning, the incidence of lead encephalopathy 
has progressively decreased until this severe manifestabon of plura- 
bism has become infrequent Most of the ancient w nters speak of 
the frequent occurrence of epileptiform convailsions, but no good 
chmeal description of lead encephalopathy' appeared until the time 
of Grisolle He pubhshed an article in 1836 in which he reports his 
observations and divides lead encephalopathy into three groups — 
convulsiv'e, comatose, and dclinous He studied 29 cases of true 
encephalopathy, and describes very fully ten of these “accidents 
cerCbraux ’’ As these observations were so complete, lanquerel’s 
description of 72 cases added v'ery little to an understanding of the 
nature of this type of lead poisoning In spite of the many investi- 
gations which have been made since that time (489) (460), the only 
outstanding new clinical contnbution is the differentiation between 
svphihtic and lead encephalopathy 
Of the three forms in which this type of lead poisoning is mani- 
fested, Grisolle found that the convulsive or epileptiform is the most 
common and senous It occurred m fifteen of his twenty -nine cases 
and prov cd fatal in eleven Siv times the first evadence of the trouble 
Was a severe convulsion The nature of these attacks is ven much 
like that of an epileptic seizure with clonic contraction of the whole 
body, frotliing at the moutli, incontinence of urine and feces, followed 
by coma Stewart (442) desenbes an epidemic of encephalopathy' 
which occurred in a family after eating buns colored vviUi lead chro- 
mate (approxunatcly 2 grains m each bun) With much difiieulty 
he V as able to elicit a history of colic and pain, accompanied by the 
vomiting of greemsh material, before the sudden onset of convail- 
sions In Uiesc cases, attacks which resembled epilepsy recurred 
frequently and proved fatal in four of tlic sex children Theliteralure 
on this type of epilepUc encephalopathy has been well summanzed 
by Badie(23) and Thieme(460)whohavcalbocollectednianj cast his- 
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tones of epileptic seizures of all degrees of severity. In Boston 
■witliin the last two years, we have seen four cases, three of which 
died The other two types of encephalopathy mentioned by Grisolie 
are much less frequent and are really not distinct Delirium occurred 
in seven of his twenty-nine cases, and in three which we observed 
Six of these ten cases died. In only five of GrisoUe’s cases did coma 
develop Kiernan (235) also describes a melancholic t)rpe which, 
when chronic, is associated ivith progressive mental deterioration 

In animals exposed to lead either in the laboratory or in factories 
working with lead compounds, unmistakable signs of lead encephalo- 
pathy have often been noted Gnsolle mentions this, and it is well 
Icnown now among workmen that cats hving around lead factones 
are afiected with palsy and have convulsions after being exposed for 
some time Porak (361) reports that many of his guinea pigs died 
in convulsions or with palsy during experimental poisoning, and in 
five of our animals similar symptoms developed (four cats, one 
rabbit). As all of these animals mamfested practically the same 
disturbances, the history of only one will be given here. 

Cat ZZZ A suspension of lead carbonate was admimstered mtratrache- 
ally to this animal three times m nineteen days Four days after the last 
injection there was lack of coordination When left alone the cat lay quite 
still with Its head bent over toward the left paw If made to stand, it 
would start to walk with very rapid steps and would rush toward the nght 
until It fell or hit the wall It never turned toward the left The cat lay 
qmetly on either side, showed no rigidity in legs or paws, and no paralysis 
or wrist drop Although there was no nystagmus if the animal faced 
directly forwards, nystagmus was quite definite. when the head was turned 
to either side, particularly toward the right On the second day of the 
disease severe clonic contraction developed, with the head retracted and the 
whole body stiffened and twitchmg Death occurred six days after the last 
injection of lead during one of these convulsions Post mortem examination 
showed that, although some of the lead had been deposited about the 
trachea, most had entered the lungs and had been deposited in the upper 
portion of the left lower lobe Macroscopically, the rest of the body was 
not remarkable No t^qiical stipplmg could be demonstrated m blood 
smears taken before and after death, nor in any of the bone marrow cells 
The red count six days before death was normal. Lead was well dis- 
tributed throughout most of the body but there was none in the brain and 
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cord Microscopic examination of the cerebellum and cord made by Dr 
Melh disclosed notliing remarkable except that m the cerebellum there was 
suelhng, chromatolysis, and vacuolization of almost all the Purkinje cells 
Many of the nuclei -were ssiollen, others were extruded, and the cell bodies 
u ere fragmented Only rarely u ere normal cells seen This u as obsen ed 
■with tile cresyl-Molet stain Van Humann stam, and phosphotungstic 
aad stain showed nothing abnormal cither in the cerebellum or in the spmal 
cord The meninges appeared normal 

In three cats severely poisoned with lead, convulsions occurred 
dunng exerase in a treadmill, and as attacks never appeared in 
normal ammals during similar exerase, or in these poisoned cats at 
other times, fatigue must have been the immediate cause 
It IS interesting that lead is not usually found m the spinal flmd 
Thus, Strong (449) reports that he was unsuccessful in an attempt 
to find it in tlie fluid obtained from an infant who died of lead meningi- 
tis, and Kraficzyk (241) found none in matenal taken from a patient 
with chrome ataxic lead poisoning Two speomens were examined 
m this laboratory One w as taken from a man who had mild plumb- 
ism but died two years later from general paresis, and, although 
SO cc of lus spinal fluid was examined, no lead was found The 
other was from a patient witli marked encephalopathy, and nucro- 
chemical quantities of lead were demonstrated in 80 cc 
As yet no satisfactory explanation for lead encephalopathy has 
been found 

Traubc (464) suggested that edema of the brain might be tlic cause of 
symptoms, Rosenstein (390) mentions spasm of cerebral \csscls and Conse- 
quent anemia as a possible mcclianism, and Westphal (489) beliet cd that 
lead acts direcllv on the tissue of tlie hram, or establishes a condition of 
uremia upon which tlie symptoms depend But all of these suggestions are 
based purely upon theory and no data have been obtamed from vhicb a 
satisfactoiy explanation max be dcnx’cd 

On account of its similarity to other types of disease, differential 
diagnosis of lead encephalopathy is very diflicult It may simulate 
tumors and syphilis of the central nervous system, cerebral bemor- 
rbage, epilepsy, cliromc alcohohsm, uremia, eclampsia, hysteria, 
and cx cn neurasthenic disturbances, and great care must therefore 
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be employed in difierentiation By the appearance of certain signs, 
however, it is usually possible to distinguish the disturbances oc- 
casioned by lead The lead hne, stipphng of the red blood cells, 
anemia, lead in the excreta, or colic may frequently be observed 
On Imnbar puncture, an increase in the pressure of the spinal fluid 
with an increase in the number of cells, especially of lymphocytes, 
is characteristic of lead encephalopathy, while the Wassermann 
test is negative 

Although statistics show that a large percentage of patients with 
lead encephalopathy die, it is dangerous to give actual figures, for in 
different reports the mortahty rate vanes from 25 to 75 per cent If 
patients survive, their mentality sometimes remains distinctly 
changed They are apt to have melanchoha and delusions, or a 
poor memory and mental sluggishness, and, occasionally, epileptiform 
convulsions 

Optic lesions due to lead. That lead causes neuritis of the eye and 
palsy of the eye muscles has long been known Tanquerel found 
but twelve eye lesions in his series and thought this complication 
very unusual, a point of view generally held, as for instance by 
de Schweinitz (410) . And yet certain authors, such as LockhardtGib- 
son (157) (158) of Austraha, who in fifteen years saw 54 cases of ocular 
neuritis due to lead, insist that the effects of lead on the eye are not 
very rare Of the various recent publications on the subject the 
articles by Levdn (261) in 1904 and Lockhardt Gibson are perhaps 
the most interesting The lesions of the eye take various forms 
Palsies and cramps of the various individual eye muscles, as well as 
blindness due to optic atrophy, and inflammation of the retina with 
the subsequent development of atrophy also occur. Heimanopsia 
occasionally develops Lewin says also that corneal opacities are 
sometimes due to lead 

The lesions of the optic nerve, however, are interesting because they 
are unique, inasmuch as they involve a nerve of special sense Several 
explanations have been advanced for this, for instance, Weiser (485) 
thinks that the action of lead may be due to a change in the blood 
vessels in the retina which causes hemorrhagic retinitis Lockhardt 
Gibson, however, claims that nearty all the cases of toxic amblyopia 
due to lead have been associated with signs of encephalopathy or 
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of increased pressure in the spinal cord, and that it is usual for the 
optic disc to swell as much as three diopters This is possibly 
the reason that a poison which does not attack sensory nerves 
should affect the optic nerve This view is not generally held, how- 
ever, and pnmarj’ optic atrophy due to lead is said to occur 
rarel> 

Gout That pain in the muscles and joints is not infrequently 
assoaated with lead intoxication was first pointed out by Tanquerel 
(453) He gives a very full and satisfactory- descnption of the so- 
called lead arthralgia, which appears in the joints and muscles of 
the estremities— more severely in the flexors than the extensors, 
and m the legs than in the arms This pain has been repeatedly 
mentioned by otlier workers, and recently Wright (497) has stated 
that “indefimte pain in the muscles is common,” and 

indeed that “pain m the jomts, cspeaally of the knees and elbows, 
IS an important and usually early sv-mptom” of lead poisoning He 
also says that “Bursitis is not infrequent Numerous cases of elbow 
pain in connection w-ith lead poisomng liave been studied In a 
few instances the pain was closely localized to the external epicon- 
dyle of the humerus, but the majontv showed tenderness on pressure 
over the head of the radius, the site of a bursa desenbed by Dr 
Robert Osgood ” 

Saturnine gout has also been desenbed Although SLagge (432) 
IS said to have observed gout m lead w orkers in 1764, and Garrod (153) 
m 1857, pointed out that it was quite common among lead workers 
in England, gout has not been considered a usual comphcation of 
lead poisoning Hubner (221) states Oiat it is really not an uncom- 
mon symptom in older workmen and that it may even be seen in 
young men His description is that of the typical gout which most 
often afieeVs only the large toe but sometimes spreads to other joints 
Brouardd (56) also states that he has seen six cases of gout in lead 
workers It may , therefore, be possible that lead intoxication and 
a gouty diathesis are associated, although we have not observed it 

Late mamfestations Generalized arteriosclerosis is often seen m 
individuals who have long been exptised to lead, and chronic nephritis 
of arlcnosclcrotic ongui may also be observed That these result 
from tlic action of le,id cannot be proved, but their madence in lead 
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workers is high The symptoms and signs do not differ from those 
usually seen in arteriosclerosis due to other causes 

Summary. This chapter briefly describes the principal chnical 
mamfestations of lead intoxication and the acute toxic episodes which 
develop during the disease 

X\'’in STANDARDS OF DIAGNOSIS 

Individual opinion differs widely about the data necessary for 
definite diagnosis of lead poisoning Some physicians beheve that 
diagnosis cannot be certain without the development of at least one 
of the toxic episodes, while others consider such very meagre evidence 
as constipation and shght stippling of the red blood cells sufficient 
Our experience seems to indicate, however, that the intensity and 
number of the signs and symptoms, the mterval between their appear- 
ance and the beginmng of exposure, and evidence of any mjury to 
body tissues which may be directly attributed to lead, are all factors 
which must be considered in the estabhshment of diagnosis 

Great variation in the appearance of these usual signs and symptoms 
is conunon Indeed, m some individuals marked absorption may 
be indicated by a single sign — a heavy lead line, for instance — without 
any subjective sjunptoms of intoxication, while in others, marked 
symptoms obviously referable to lead may develop although the 
usual early signs are entirely absent Qmte rarely in very susceptible 
individuals it is said that such an isolated manifestation as colic 
may be the only indication of poisoning But such cases as this 
are not common and, m general, diagnosis of tntoxicahon by lead 
as distinguished from absorption must be based upon the appearance 
of both subjective symptoms and objective signs 

A good standard of diagnosis has been suggested by Newman, 
McConnell, Spencer, and Philhps (330) m their book entitled Lead 
Poisoning in the Pottery Trades They lay great stress on the deter- 
mmation of known or suspected exposure to lead and on personal 
history and physical examination as means of ehminatmg conditions 
which might simulate symptoms of lead poisoning The recogmzed 
signs and s>TnJ)toms they divide into two groups The first of major 
symptoms; the second of more generalized and less acute manifesta- 
tions In their opinion a diagnosis of lead poisoning cannot be made 
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unless at least tno of tlie systems m Group A are affected and the 
numerous minor symptoms of true lead intoxication are present 
If, however, only one sign included m Group A may be found, at least 
two more must be present from separate divisions of Group B to 
establish early diagnosis WTicn only signs from Group B appear, 
at least three from separate divisions are necessary before a tentative 
diagnosis of lead poisomng may be considered 

Group A 

A General appearance 

Harked pallor and profound anemia 
B Digest!! e system 
Cohc 

Obstinate constipation 
C Muscular system 

Muscular incoordination 
D Nervous system 

Bcnphcral motor paralysis of certain extensor muscles (wnst and 
ankle drop) and atrophy of most used set of muscles 
E \ ascular system 

Blood Basophilic degeneration with dmimishcd hemoglobin 
r Special organs and findings 
Gums Lead hnc 
Stools and urine Lead 
Miscarriage Repeated 
Licbermann’s test Positiae 
Croup B 

A General appearance 
Pallor 
Anemua 
Emaaation 
Drawn expression 
B Digestive sy stem 

Loss of appetite or repugnance to food 

Breakfast anorexia 

Vomiting on eating solid food 

Sw cctish or metallic taste 

Gastric disturbances 

Constipation 
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Pain in abdomen. 

Parotitis, 

C. Muscular system: 

Loss of strength. 

Malaise and tinng easdy 

D. Nervous system: 

Headache. 

Insomnia. 

Mental lethargy. 

Tremor. 

Dizziness. 

Convulsions 

Mental affections 

Encephalopathic conditions. 

Arteritis. 

E. Vascular system; 

Arteriosclerosis. 

Hypertension. 

F. Special organs and findings- 

Eyes. Impairment of vision, includmg muscular incoordination. 

Joints' Vanous pams. 

Blood: Basophihc degeneration with dimmished hemoglobin 

Of its sort this is a satisfactory standard. But it has the distinct 
disadvantage of assigning to a single sign or symptom positive or 
negative significance, whereas as a matter of fact there is a subtle 
gradation which makes the final decision a matter of judgment. 
For instance, there may be one stippled cell or many in a blood smear, 
and the lead line may be marked or evident only under a magnifying 
lens. In the last analysis, therefore, the early diagnosis of lead 
poisoning must depend upon keen judgment, and no fast rules can 
be established. 

In order to avoid further exposure and to prevent severe intoxication 
it is essential that lead poisoning be at least suspected very early. 
Although the appearance of any one of the toxic mamfestations, in an 
individual known to be exposed to lead, is sufficient evidence for this, 
definite diagnosis cannot be made without more decisive data. 
Thus, either a historj'^ of exposure to lead or the presence of lead in 
the excreta must be ascertamed, and at least one of the characteristic 
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signs included in Group A must have developed dunng exposure and 
be assoaated with other distinct ewdences of the disease -nhich have 
also followed absorption, before diagnosis can be certain Very little 
weight can be placed on the mere presence of such common persistent 
symptoms as conshpation, anorexia, headache, insomnia, etc , unless 
they have markedly increased since exposure, for lead w orkers are no 
more immune to the other diseases which might also cause these 
symptoms than are individuals who are not exposed to lead There- 
fore the development of distinct toxic symptoms after exposure is 
necessarj for definite diagnosis 

Toxicity It IS difficult to determine even roughlj the dose of 
lead which should be considered toxic, for the quantities eliminated 
without absorption from the gastro intcstmal or respiratorj' tracts 
cannot be measured, and mdividual susceptibihty vanes greatly 
Telcly, how'ever, is quoted in Oliver's book (page 37) as believing 
that ingestion of a little more than 1 mgm of lead per day 
for several months causes plumbism and that a daily dose of 
10 mgm causes severe symptoms in a short tune Lcggc (252) 
thinks that 2 mgm per day may cause cliromc poisomng, while 
Sollmann (434) from a summarj' of the literature concludes that, m 
man, daily ingestion of 0 2 to 0 3 mgm of lead per kilo will in time 
produce phenomena of lead poisoning Ho thinks, however, that 
more minute doses might possibly interfere with iiutntion and 
resistance 


\IX THE TKEAIilENT OP LEAD POISONING 

In the treatment of load poisomng three definite problems arc 
mvoKcd Prevention, treatment of acute symptoms, and treatment 
of the disease as a whole Mudi has been wntten on prevention 
in the last decade, chiefly by Alice Hamilton in America, Legge and 
Goadby and Sir Thomas Oliver m England, and by' Teleky in Gtr- 
*nany, with Uic result that the inadcnce of lead poisomng has de- 
creased markedly A full discussion of the means used to prevent 
plumbism docs not belong in this monograph, but it may be of interest 
siunnianze briefly' the various problems encountered in industry 
The follow ing outline has, for the most part been taken from Hutton's 
(722) excellent rev lew 
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Prevention. Exposure to lead may be prevented in two ways 
By devising suitable appbances and processes for manufacture, and 
by medical supervision of -workmen. Since medical supervision can 
accomplish little when exposure is very severe, the first step is always 
to ascertain that every precaution has been taken to render factory 
conditions safe The very rapid absorption of lead from the respira- 
tory tract points to dust as the most dangerous source of lead. Con- 
sequently, every effort ought to be made to substitute wet processes 
for those in which dry and dusty chemicals are used, to store and 
transport lead in air-tight receptacles, to equip machines whenever 
necessary -with suction drafts which draw dust from the workroom, 
and to cover pots of molten metal and place them imder a suction 
hood so that the lead oxide^ which forms as a scum on the surface, 
cannot blow about Great emphasis must be placed on cleanliness, 
for if suction drafts become clogged, these precautions are useless 
Dust should never be aUo-wed to accmnulate Mechanical processes 
ought always to be substituted for manipulations by hand, if possible, 
and molten lead should not be heated above 700®C on account of 
vaporization. WTiite lead ought to be prepared only by moist 
processes, and as Edein (236) has demonstrated paint should be rubbed 
down only with abrasives, such as waxed sandpaper, which can be 
used on moistened surfaces. 

Wdienever mechanical devices fail to eliminate dust, work must 
be so arranged that as few men as possible are exposed, and careful 
instructioa be given as to dangers involved 

Certain measures of hygiene are particularly important Work- 
men should wear dean clothes while at work, and always keep them 
quite separate from those worn at other tunes This requires two 
lockers, for if dusty dothes are hung at night where street clothes 
hang during the day, contamination can hardly be prevented Smok- 
ing or chewing tobacco, if the hands are at all dirty, involves the 
danger of ingestion of lead, and as food may also be contaminated 
in the same way, pro\ision must be made for washing thoroughly, 
and for eating in rooms completely removed from the lead hazard 
Before dressing to leave the factory, workmen must be required to 
wash off all dust with great care 

Respirators have proved an unsatisfactory means of protection 
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because tliey either make breathing difficult or fail to collect all the 
dust They usually fit so poorly that considerable dust enters 
belli cen the edges of the mask and the dieeks Consequentlj , they 
merely give a sense of security ivitliout providing adequate protection 
While they may not be entirely discarded, it must aliiays be remem- 
bered Oiat the use of respirators docs not rcinoi c responsibihlj for 
the elimination of dust in tlie ii orkrooms This is the duty of e\ cry 
factory uUhaing lead or its salts 

Medical supervision should be thorough Physical examinations 
dctennine the fitness of applicants for nork, and any individuals 
uho have had repeated attacks of lead colic or other form of lead 
intoxication, who show a marked degree of anemia, or evidence of 
nephritis, or high blood pressure ought to be rejected (337) Pref- 
erably only men should be employed, and only those who arc in good 
physical condition and who arc not mentally defective During 
exposure to lead, employees must be carefully watched and c.\amititd 
every week or two in order to detect very early the development of 
anemia, pallor, lead lino, or other symptoms of active lead intoxication 
The physiaan should be given authority to order llie transfer of 
suspicious cases from hazardous positions, or to request a period of 
rest Upon re exposure great emphasis must be placed on the 
ncce^sary precautions, and tlic factory physiaan should bo rigorous 
in his supervision 

The treatment of lead poisoning Before the dangers of exposure 
to lead were understood, and when lead salts were used for medication 
and to sweeten and preserve wine, the only forms of lead intoxication 
recognized were the “symiptomcs cpisodiqucs ” According to Hie 
older phy sicians these required very drastic treatment, and many so 
called “speufics” came to be employed As colic is the most common 
mamfcbtalion of poisoning and responds most readily to treatment, 
more different treatments haxc been devised for it than for Oic other 
symptoms 

Tlic oldtit and probably the most renowned is that cmploy'cd h\ the 
Tlalian monlo, who took clmrgc of tlie licpilal dt Cliaritif citalilishcd m 
I’atis m 1602 by Manv dc Mcdicis Tlnir "specific,’ called "nncaroni," 
consisted of one part of glass of antimony and two parts of sugar vv-y' 
carefully iwwdcred and mixed Tins was given in doses of one fCnijxie for , 
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three or four successive days As time went on, however, treatment became 
more and more complicated until it consisted of the administration of violent 
purgatives, sedatives, and sudorifics. “C’etait une methode antique et 
specifique, de laquelle il ne fallait pas m6me demander les raisons (453),” or 
as Dana translates the French, “It was a violent specific, but respectable 
from its antiquity ” In 1836 Tanquerel (453) found that croton oil was 
just as effective as the more powerful traditional medication, and in treating 
his patients he usually employed this purgative Although Moseley (314) 
and later Gendrm (154) advocated the use of sulphunc aad lemonades as 
very effective, Tanquerel did not consider their action particularly success- 
ful m rehevmg cohc. Frequent reference is also made m the literature to 
the use of nux vomica, opium, antiphlogistics, and leeches, as well as to 
cuppmg and hleedmg as suitable treatment for lead cohc. 

The first mention of a course of treatment to aid excretion of the store of 
lead witliin the body was made by Melsens (297) in 1840 He performed 
experiments on annuals which demonstrated that potassium iodide when 
used ivith purgatives is a very effective form of medication, and concluded 
that it produces m the body lead compounds which are soluble and can be 
readily excreted When administered to animals simultaneously with lead, 
he noticed that it prevented intoxication, in previously “leaded” animals, 
however, large doses caused fatal poisoning Although Melsens obtained 
excellent results m treating his patients with potassium iodide, he did not 
analyze the excreta to determine the exact effect of this medication, and it 
was not until 1853 that Parkes (352) found lead in urme after administra- 
tion of potassium iodide when it had not been excreted by this route before 
treatment His observation was verified by Annuschat (10) in work on a 
dog with lead poisoning, and also by Pouchet (366) who noted that the rate 
of excretion is raised for only a few days, and falls promptly to the normal 
level In 1893 Dixon Mann (279) earned out very careful investigations of 
the effect of potassium iodide which led him to conclude that although this 
drug apparently makes patients feel more comfortable, it does not increase 
excretion of lead in unne 

Thus, data concermng the efficacy of potassium iodide in the 
treatment of plumbism have been quite contradictory and further 
experiments were necessary to determine just how it produced its 
beneficial effects 

We have therefore analyzed both urine and feces repeatedly in 
this laboratoiy- in an effort to throw some light on the problem. 
Our detailed data (see section IX) show that potassium iodide defi- 
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mtely increises excretion of lead— on the average approximately 
doubles the quantity clmiinated— and that this increase appears for 
the most part in the feces This accounts for the results reported 
in tlie literature, for previous investigators examined the unne only 
The increased excretion of lead justifies the use of this drug after 
the subsidence of acute sjouptoms It is best admimstered three 
times a day in doses increasing from 3 to 5 grains to the limit of 
tolerance During acute attacks of plumbism no such mcdicabon 
should, of course, be given because the development of sjnnptoms 
implies the presence of toxic quantities of lead m the blood 
That potassium iodide may prcapitate an acute attack of lead 
poisoning in apparcntl> healthy individuals long after exposure 
to lead has ceased, is repeatedly stated in the hterature Probably 
many authors mention this merely as a warmng, for few defimte 
cases arc cited, but Oliver (337) Fagge (12,4) and Lazcll (2S0) report 
observations worthy of consideration Of Oliver’s tiro cases, one 
IS that of a woman of seventy-two, ii ho is said to have died of “lead 
poisoning” after taking 7 grains of potassium iodide As the patient 
was suffenng from acute symptoms of poisoning before treatment 
lias begun, this case does not illustrate the point as weU ns Ohver’s 
second case In this, administration of potassium iodide w as prompt- 
ly folloiied by the appearance of a lend line and iinst drop, although 
there had been no previous evidence of mtoxicabon In 1876, 
Fagge (124) reported three cases in which a lead line developed under 
similar condibons Lnzell (250) also has desenbed the appearance 
of double foot drop, lend line, and digestive disturbances witli colic 
in n man who had hnd severe lead poisoning sixteen years previously 
vnlhout subsequent exposure Three months before the onset of this 
p dsy tlie pnbent had hnd lobar pneumonia, and potassium iodine 
had evidently been given to relieve persistent lung involvement 
Probably this tendency to promote disturbances is not restneted 
to potassium iodide alone, and any' other treatment wludi liber- 
ates lend from the deposits in the body might precipitate acute 
symptoms by allownng too much lead to enter the blood stream 
(section IXl 

Mihough so mucli importance has been ascribed to potassium iodide 
m the treatment of lend poisoning, it is not the most effeebve agent 
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for increasing excretion of lead from the body. References to the 
use of acid or alkalies are very few, 

Gendrm (154), early m the nmeteenth century, attempted to render 
lead salts inactive in the body by transforming them to insoluble sulphate 
with sulphuric acid Sabrazes (393) mentions that acute symptoms 
developed m a case of late chronic plumbism after mordmate dnnking of 
"citronade”, and Brouardel (56) states that sour salads will cause colic to 
recur. But the true significance of these observations on organic acids 
cannot be ascribed to the production of an acidosis 

The experiments reported in section IX indicate that acids 
and, to a less degree, alkalies are distinctly effective in increas- 
ing the elimination of lead This is apparently due to two 
factors a negative calcium balance, and a distortion of the nor- 
mal acid-base equihbrium of the tissues. Marvin Shie (422) has 
already suggested as a result of his clinical observations that me- 
tabolic disturbances probably play a noteworthy r6le in the libera- 
tion of lead 

A new treatment for lead poisomng which has proved satisfactory 
in our cases is based upon our observations of the excretion of lead 
in cats and man The foundation for this is the fact that the quan- 
tity of lead excreted may be varied by distorting the calcium metabo- 
hsm, and that a positive calcium balance favors storage of lead, 
wlule a negative balance tends to increase the rate of excretion. 
The association of active symptoms with a marked distribution of 
lead throughout the body — in other words, an active lead stream 
mdicates that when symptoms of lead intoxication are evident it is 
wise to immobilize lead by impeding its liberation from the bones 
Therefore, untd an acute attack has disappeared the diet should con- 
tain much calcium in the form of mdk and calcium lactate As, in our 
experience, the normal minimal excretion of calaum per day, when the 
diet IS deficient in calcium, appears to be 0 235 gram, and as a quart of 
milk contains approxunately 1 1 gram, one quart of milk and 2 grams 
of calcium lactate should adequately fulfill the reqmrements Under 
this treatment alone cohc rapidly subsides, but it is advisable to 
gi\'e atropine and catliartics m addition 

We have not determined the actual effect of these various medica- 
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Uons upon the duration of colic To do tlus satisfactorily 'nould 
require a very large number of observations, and there are in the 
htcrature practically no reports of the duration of untreated cohe 
except the 31 cases of Tanquerel (453) In these, the average dura- 
tion without rehef w as more than ten days Nearly all of our patients 
have been practically relieved wnthm forty-eight hours, and only 
two had definite cramps for a period of eight days We have not 
observed cohe without treatment nor w'ltli catharsis alone, but cer- 
tainly merely a high calcium intake and catharsis cause it to subside 
rapidly In the three cases of cncephalopatliy in w hich tlus treatment 
was used, striking recovery was very prompt 
Not until acute sjTnptoms have entirely subsided should “de- 
Icading” bo attempted Tlus is accomplished by mamlaimng a 
negative calaum balance and changing the hydrogen ion concen- 
tration of the blood (For the basis of tlus treatment, see discussion 
on page 96 ) To do tlus, cither acid should be admimstered with 
a diet wluch contains very little calaum, or alkalies should be given 
alone Dunng this course of treatment, the diet contrasts sharply 
with that advocated while definite sjauptoms are manifest Milk, 
eggs, green vegetables, and many fruits are omitted entirely In 
our cxpencnce tlic following diet has proved satisfactory 

Meat 

Liver 

Fotato 

Rice 1 

loraatocs V cool cd without milk 
Canned com ) 

Baninas 
Apples (peeled) 

Tea ind cofTte without milk 

Butler fat (prepared by melting butter in hot water and si imming off 
the butler fat) 

Bread (prepared w lOioiit milk, such as salt-free ncplintie bread or soda 
bicarbonate biscuits or crackers) 

Sugar — salt — jicpper 

Under tins regime, aads niobilirc lead cffcctuallj riiosplionc 
aad has proved the most useful, alUiough it is rather unplc'isant to 
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take We have found that when mixed with water and sweetened 
it tastes somewhat like lemonade and may be taken through a straw 
without discomfort If the dose proves very disagreeable, a little 
gin or whiskey makes it more palatable By rinsing out the mouth 
with water or a solution of sodium bicarbonate, any excess aad is 
easily removed and injury to the teeth avoided Doses of 20 cc of 
the dilute aad should be given in a glass of water every hour about 
ten times daily for several weeks If aadosis becomes too severe, 
loss of appetite, headache, and general malaise supply evidence that 
the limits of tolerance of the patient have been overstepped and that 
medication must be reduced 

Another less distasteful form of medication is the administration 
of ammomum chlonde which is probably transformed into hydro- 
chloric aad and urea in the bod}’-, and so produces aadosis (183) 
Tliis can be readily taken in doses of 1 gram given m a glassful 
of water, ten and sometimes twelve times a day Throughout this 
treatment, diet should contain little calcium Although not easy to 
admimster, this medication is far more effective than other more 
simple forms and in eight of our cases has increased the average 
excretion of lead three-fold Ammonium chlonde is now employed 
instead of phosphonc acid because it is less distasteful 

Sodium bicarbonate hkewise is effective If given in large doses 
(20 to 40 grams a da}-) it more than doubles the ehmination of lead 
and therefore produces an effect approximatel}’- similar to that of 
potassium iodide The suggested explanations for its action are 
given in the chapter on Excretion It is chiefly valuable when 
nephritis prevents the use of adds or potassium iodide, but even it 
must be employed guardedly 

Our observations, particularly on am'mals, indicate that there is 
no use in attempting to continue treatment until elimination of 
lead IS complete As tliis would doubtless require several years, 
it is probably desirable to eliminate only the most easily mobilized 
lead Our very prolonged obser\-ations suggest that after a certain 
point elimination of lead becomes progressively more difficult When 
this stage is reached, it seems more practical to favor retention m 
the bones b}’^ maintenance of a positive calcium balance 

Of the other recognized methods of dealing witli lead poisoning, 
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the only one which seems to jicld noteworthy results is catharsis 
iVlUiough this has been used successfully since the Middle Ages, 
the exact means bj v hich it brings relief had not been determined, 
so far as we could ascertain, until expenments w'ere performed in 
this laboratory to determine its effect Ihis treatment does not 
increase the rate of excretion of lead markedly, it merely improves 
the general condition of the patient by cleansing the bowels and 
preventing the constipation which is charactenstac of lead poisoning 
Thus It cannot be considered a “specific,” but its use is quite justified 
by the beneficial results which it produces Saline catliartics are 
ajiparently the most satisfactory Tor continuous use, Carlsb.id 
salts arc best, but magnesium sulphate is cfTcclive and may be em- 
ployed Regulation of the bowels without drugs is, of course, a mucli 
better type of treatment than periodic purging 
The value of bipolar electric currents in the prevention and treat- 
ment of lead poisoning is disputed Oliver (336) used this method on 
tlic llicory that m passing through the body electric currents split the 
salts of lead into ionic constituents which migrate toward the dif- 
ferent poles— the acid radicals to the positive, the basic to the nega- 
tive electrode Lead should consequently be deposited at tlio nega- 
tive pole In 1913 Oliver reported that such currents cause marked 
improvement of svauptoms and that lead rcallj could bo found in 
the water of the electrodes In most mstinces, when the urine had 
contained lead before electrical treatment, “less lead was found in 
the urine after the bath” (336) Since this work was published, 
several clinic il reports have ajipcarcd which suggest that good 
l>s)chical results follow the use of clcctriut> m jilumbism, but no 
further experiments have been jicrformcd whieli give support to the 
treatment Goadby, Oxlej , Schnitter and Bottrieh are all ojiposcil to 
this form of medication Goadbv (167) found that after lead has been 
ground up \ ith liver tissue, electric currents arc unable to remove 
It, and that they arc quite inefleclual when applied to ‘leaded” 
animals Oxlev (.319) believed tliat the current must iiccC'Sdrilj 
be too low to remove mon than i negligible cpiantity of lead, and 
that a verj’ large proportion would he (uirned bv other ions In a 
series of case-s he could ob^erve no improvement in the sjTuptoms 
after electrical Iroatmeiil, ind could detect no lead in the water 
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about the electrodes Analysis showed that lead was not present 
in the urine of a case of chronic plmnbism either before or after use 
of the electric current Experiments on two rabbits confirmed these 
clinical observations In Schnitter’s (401) experience vith twelve 
patients, sitmlar treatment produced no visible effect upon the lead 
hne, the degree of anemia, the amount of stippling in the blood, or 
the general condition. Because the work of these three investiga- 
tors seems so convincing, we have made no attempt to further es- 
tablish the value of electrical treatment This would necessitate 
analysis of the feces as well as of the urine and electrolyte solutions 
for any lead which might be excreted. Since lead exists in the body 
for the most part as insoluble phosphate in the bones or as un-ionized 
phosphate in the blood stream, the probabihty that it can be affected 
by electricity is small. 

Quite recently Ockerblad (334) has reported that hyposulphite 
of soda (0 6 gram injected into the vein daily) is benefidal His 
use of this drug in a case of acute lead poisoning was suggested by 
the work of Ravaut (378) who administered it in cases of arsphena- 
mine dermatitis to produce an insoluble sulphite of arsenic. Mc- 
Bride and Dennie (286), who have employed it in the treatment of 
both arsenic and mercury poisoning, also point out that sodium 
hyposulphite may be useful in such other acute metal intoxications 
as plumbism Their treatment is based upon the theory that when 
the metal encounters this salt in the body a sulphite is precipitated 
which is insoluble and therefore not dangerous to the organism 
That the small quantities of ionized lead in the body fluids may be 
temporarily reduced in this way, seems quite possible, but only when 
considerable thiosulphate remains in the blood stream. Although 
this method of treatment does not prevent the entrance of additional 
lead into the blood or a re-transformation of the insoluble lead into 
a toxic salt, it ma}'’ prove valuable in deahng with acute active lead 
poisoning and deserves further study 

Special treatment of toxic episodes. Colic Treatment often 
brings rapid rehef to the severe pain of typical lead cohc, even when 
it consists only of such general measures as the application of local 
pressure, heat, and moisture on the abdomen. Enemas, although 
they are sometimes difficult to administer because of rectal spasm, 
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and incflectnc because of rapid expulsion, at times prove helpful 
m slopping pain If diagnosis is certain and all possibility of an 
acute surgical abdomen is ruled out, catharsis is the best treatment 
In our experience, magnesium sulphate (given m doses of one ounce) 
has proved most satisfactory If this is not effective, the dose may 
be repeated Adequate doses of such drugs as atropine, mtrogi> c- 
erinc, or amyl nitnte should also be used, but resort should be had 
to opiates, morphine and the like, only under extreme conditions 
In five successive cases of colic, the intravenous use of calcium 
cWonde (15 cc of a 5% solution given ver) slowly) promptl} 
relica cd the pain, — but tins obsenaalion requires corroboration \\ itli 

our patients, benzyl benzoate has seemed incffeclue Until the 
acute manifestations ha\c subsided, a light diet containing much 
milk and calcium lactate (2 grams dailj) should be given to favor 
storage of load in the bones, but as soon as the crisis has passed 
efforts should be ni ide to fax or elimination of lead from the body 
Pah) During the development of palsy, treatment xxluch fax'ors 
storage of lead should bo used, and clunination should not be stimu- 
lated until the neuro muscular signs become stalionarj' Local 
treatment by galvamsm, massage and splints is tlien desirable, and 
the use of stiy chnine is frequently said to be cllcctivc Tlus treat- 
ment should be continued for many months inasmucli as improve- 
ment nearly ahxays results in tlie end 
Enccplialopalh} Although the usual treatment for mama or 
convulsions is of course necessary, the prompt storage of lead is 
obxiousl) essential in the treatment of encephalopathy But tlus 
manifestation is so rarelv seen now, that the effcctix encss of treat- 
ment has not yet been determined Of the six positive cases we 
have seen, three died without sudi treatment The tlircc patients, 
who were given hrge quantities of milk and calcium lactate with a 
little sodium Incarbonalc, rccov cred promplI> \ seventli somew hat 

quesUcmahlc case, that of a chvld who had lead m the excreta, also 
recovered when miik was idmmistercd in large quantities McCord 
(289) has rtcenlU reported i case at tlic Cincinnati \cadem> of 
Afidiane of iirompl rtcoverv from an acute Ic.ul mam i following tlie 
administration of ill ah Mlun the acute symptoms have subsided, 
measures to increase the elimination of lead stem advisable 



218 


AUB, BAIEHALL, MINOT AND KEZNIKOTP 


After any of these acute manifestations of plumbism, return to a 
lead hazard is distinctly undesirable. 

Late manifestations. The treatment of arteriosclerosis and of the 
arteriosclerotic nephritis which develop after long exposure to lead 
is similar to that for the more usual forms of these manifestations 
It sometimes appears desirable to increase the rate of excretion of 
lead even in these cases but this should be done only with caution, 
as patients with severe nephritis often cannot well tolerate inorganic 
salts, particularly potassiiun iodide and acids It is necessary 
to administer these only with great care Sodium bicarbonate is 
usually the safest drug to use 

Summary. The treatment of lead poisoning, therefore, resolves 
itself into treatment for the toxic episodes and mobilization of the 
stored lead. Various treatments favoring elimination of stored 
lead are discussed, among them several new methods During severe 
intoxication it is apparently wiser to facilitate storage of lead by 
ingestion of ample calcium, rather than to set it free After the 
acute toxic episodes have passed, ehimmUon of lead may be ac- 
celerated by a low calcium intake, acids and their ammonium salts, 
sodium bicarbonate, and potassium iodide Caution should be exei- 
cised in using these forms of treatment on patients with nephritis 

XX THE PREVALENCE OP INDUSTRIAL LEAD POISONING IN THE 

UNITED STATES 

ALICE HAMILTON 

The hterature of mdustrial lead poisoning in the United States dates 
probably irom the publication by Samuel Dana of Lowell in 1850 of a 
translation of “A Treatise on Lead Diseases” from the French of 
Tanquerel des Planches A second impetus to the study of this sub- 
ject was given in 1883 by J J Putnam (370) of Boston, who by 
detectmg lead m the urme showed how much more prevalent was this 
form of mtoxication than had been supposed The material both 
clinical and pathological, from American sources, however, remained 
very scanty till the beginning of this century During the last ten 
years very valuable additions have been made to our knowledge not 
only of the action of lead on the human body but of the prevalence of 
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occupational plumbism in vanous trades, the penod of exposure 
before poisoning occurs, the different forms rvhich the intoxication 
assumes under different ■norking conditions, and the dangers which 
must be guarded against if men and women are to be protected when 
engaged in lead work The following is a vetj' bnef summarj of 
what has been published in this field in the United States 
A word must be said first as to tlie sources of our information on 
the subject There are many difficulties in tlie way of tlic searcher 
for accurate data as to the incidence of plumbism in any one occupa- 
tion for w c hav e in this country no system of sickness insurance, such 
as obtains in the older industrial countries and proxides an inxaluable 
body of statistics, nor is there any uniformity in our factory inspection 
records, each state having its own methods and standards The 
Umted States Census Reports cover deaths only and so do the records 
of the Industnal Life Insurance Companies It follows that though 
It IS sometunes possible to obtain full and accurate records from indi- 
vidual plants It has never yet been possible to say how much lead 
poisoning has occurred in any given industry in any given penod of 
tune,“ and the statements made in this paper arc onl> approximately 
accurate, for tliey arc based upon incomplete investigations 

In lead mining the United States is under a great disadvantage as com- 
pared i/ith the older countries because while in European lead mines plum- 
hi'm is almost unknown* because old mines arc deep and j leld only the \ cry 
poorl) soluble lead sulphide ore, the mines m our western states are still 
near enough the surface to jield oxidized ores, carbonate, sulphate and 
oxides which are far more toxic Missouri mines are now down below the 
'•aler Ime hut in Utah, especially in those areas where the mmes arc dry and 
dusty there is an amazing amount of plumbism Information secured bj 
Arthur Murray (32i) (or the United Stales Bureau ot Mines showed tint in 
Utah alone there w ere 468 cases of plumbism in lead miners in 1919 and 1920, 
tlie rate being 6 7 per 100 employed in 1919 and S 0 m 1920, while in the 

‘Tlie most niatl> compkle cnmimlmn in this 6cl(l \ms that mvic b) ll c Uniled 
ales Public Health acrvicc,of IcadpoisotimEin tbepolUrj trade in Isen Jersey, Pcnti- 
s>vimK,Ohio and W csl Virginia which mspuhh bed in 1921 ns Bullclm No 116 
i! j *‘***‘*'”^ Olwer (Dangerous Trades, London 1902) no lead miner hns dud of 
r urn nrm In rnrUnd for man> }cnrs, and according to Hamboasrk (274) it was prac- 
V untnonn amonz rhe miners of gilenn ore (lend sulphid) m llohvmui lion eve-, 
00 1(374) asserted th.nthehad«ccnlcndpoisoningamorg Ihe yalcnn rr'inersof S-rrifinla 
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shallow, dust}^ mines of Frisco the rate for 1920 was no less thai 
100 employed 

In smelting and refining lead there is a high rate of lead poise 
tliis industry is very important in the Umted States and gives 
ment to a large force of men. No recent investigation has b( 
in this country and the only figures available are those collect 
Bureau of Labor Statistics in 1913 (471) During that year tl 
at least 1770 cases in 19 plants employing some 7500 men an 
these were 41 encephalopathies, 35 cases of paralysis and 16 
The British rate for 1912 was only 1 8 per 100 Intervii 
167 smelter men, suffering from plumbism, showed that the 
had become intoxicated after only a short exposure, Eigh 
worked less than a month, 121 were exposed less than six 
132 less than a year, and only 35 had worked more than a 
whom 5 had worked more than five years 

That lead poisoning is caused chiefly by the presence of finel; 
lead compounds in the air is abundantly shown in the smelting an< 
industry. Thus, three smelters in which ore hearths (or Scotch ] 
with their enormous flue and bag-house attachments, are used wen 
ing 13 5 per cent of the total laborers in the trade but they had 
cent of the cases of plumbism, 54 3 per cent of the cases of palsy, 
cent of the fatal cases and 70.7 per cent of the encephalopathi 
greatest danger lies m the fumes of lead oxide and sulphate from 
naces and next to that in the fine dust from the flues and bag-hou 
two large smelters which have been recently investigated have 
many improvements and there is certainly less danger now' in th: 
of lead work than there was ten years ago, although it is probable 
refining end of the industry has undergone less improvement 
smelting because all over our country there are cheaply constru 
cheaply managed refinenes, practically junk shops, where no effor 
to control dust or carry off fumes 

Zinc smelting may involve similar dangers if the blende 
much lead, as it does in Colorado Missouri blende conta 
0.5 to 1 per cent, and New Jersey blende is almost lead-free 

1 Of the 19 plants included in this studj , only two had full medical records 
four no information could be secured Therefore, the number of cases whic 
occurred m 1912 was greater than 1769, the number of records actually securet 
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Metallic lead is used in a Hide vanetj of industries uhere it is cast 
or molded into various shapes Lead wire, sheet lead, pipe, machme 
parts, plumbers’ goods, bullets and shrapnel, picture frames, coffin 
ornaments, gnds for storage battery plates, car and can seals, stoppers 
for bottles and for basins, lead foil, printer’s tjpe, all are objects the 
makuig of uhich inaolves the handhng of sohd or molten metallic 
lead, and cases of industrial lead poisoning are on record in connection 
mth all of these occupations Other industnes involving an exten- 
sive use of metallic lead are the making and use of solder, lead burning 
witli an ovyhydrogen flame, and lead tempenng of macliine parts, 
piano u ires, magnetos, etc The plumbers’ trade is less a lead indus- 
try than former! j , but repair work with “joint wiping” means exposure 
to lead Among 560 cases of industnal plumbism collected bj the 
nimois Occupational Disease Commission, 19 were in plumbers 

The danger of plumbism in all these trades is comparativclj slight 
and easily controlled It is only necessary to carry off the fumes 
from lead pots, which is usually a simple matter, and to insist on stnet 
cleanliness, no scattenng of lead scrap and dust But the very lack 
of evident and immediate danger in the use of metallic lead seems to 
induce a neglect of ordinary precautions and in many plants where 
soldering or re melting used metal or castmg is earned on, there may 
be more lead poisoning than in a very well managed white lead plant 
Lead burners, who melt together two surfaces of lead witli an oity- 
hydrogen flame, have probably the most dangerous work among the 
mctilhc lead occupations because of the great heat used Next to 
tint w ould come tempenng metallic objects m a bath of lead, and later 
on brushing off the gray oxide coating which has formed 

Briss foundrj work, espcaally pouring, is a not uncommon source 
of lead poisoning, for brass usuallj contains lead, soTOcUmes more than 
10 per cent, and both founders and polishers may suffer from tj^iica! 
plumbism 

Tile printers’ trade is tlie most important of the metallic lead trades, 
and vet the exposure to lead is very slight Typical lead poisoning 
has never been common m tins industry ,» but the trade is a notonously 

’III lllSaerospof lOOChiciipjprl'ittnvcnciamincd In JiAii II Ellis, and a r miKt 
rroup of Holton pnntcrs by V -liter \\ Mmer They found 18 men suffeinfr from 

nploms euf 1 rstn e of ditiimc plurobism and witli a bisto-i pointing lo the same Thi) 
made a rale of 9 per hundred 
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unhealthful one in every country (474) Recent statistics gathered 
by the International Typographical Union (New York Local) show 
that certain chronic diseases not clearly connected with lead are very 
prevalent among prmters There is an excess of early deaths from 
heart disease, chronic disease of the kidneys, apoplexy and paralysis. 
Thus, among white males in the registration area, only 18 6 per cent 
of the deaths from heart disease occurred in the age groups under 
forty-five years, but among the printers 26 per cent was the figure 
The deaths from apoplexy and paralysis show an even greater contrast, 
onl}’- 9 1 per cent of the deaths from these causes occurnng under forty- 
five years in the general group but 20 4 per cent among printers. 

Tuberculosis is, however, the occupational disease of the printer 
and apparently it is connected with this exposure to lead, for in every 
country it has been found that when lead fumes and dust in the print- 
ing shops were controlled the tuberculosis rate always fell. 

The statistics of the Metropolitan Life Insurance Company for 1917 
show that printers have a higher tuberculosis rate and die from this dis- 
ease at an earher age than workers in non-metalhc lead, such as painters 
Tuberculosis is the cause of 34 1 per cent of the deaths of prmters, of only 
219 per cent of the deaths of painters and varnishers, and the former average 
only 33| years at death, the latter almost 40 years A possible explanation 
for what is apparently the effect of tiny quantities of metallic lead dust 
inhaled over a long period of years, is to be found in the paper by Fine (137) 
to w'hich the reader is referred 

Lead is roasted to form the oxides Litharge, red lead, and orange 
mineral, for wliich there is a very extensive demand in industry The 
danger comes from fumes from the furnaces, very much lessened m 
late years by the introduction of mechanical devices, and from dust in 
transporting the oxides, dumpmg, grindmg, screening, and packing 
The dust problem is much harder to solve than fume control The 
newer methods of roasting reqmre fewer men, but the number of 
oxide men nevertheless is decidedly on the increase because of the 
constantly growing demand for oxides to make storage battenes, 
enamels for sanitary ware, glaze for tiles and terra-cotta, glass and 
x’amish, paint and rubber, to mention only the most important uses. 
Lead poisoning in oxide men is likely to be of rapid development and 
fairly severe (472). 



LEAD POISONING 


223 


The making of storage batteries in\olves the use of great quantities 
of lead oxides and this is not onlv one of the most extensive of the 
dangerous lead trades but tlie one tliat is increasing most rapidly 
In Great Bntam it is at present tlie greatest single source of plumbism 
The rate in tlie five large plants m the United States in 1914 ivas a 
little less tlian 18 per 100, but tins figure was below the trutli, for 
almost no records could be obtained from the \ orst of these plants 
The men engaged in casting the lead grids had a rate of onlj 1 7 per 
cent, but those employed in mixmg the oxide paste had a rate of 40 
per cent, and the pasters a rate of 19 4 
Enamels for bath tubs, smks, and otlier plumbing goods also require 
a great deal of red lead, and here also the number of men exposed is 
continualh growmg for we make more new bath tubs every j ear 
These enamels contained in 1911 from 1 5 to 20 per cent of soluble lead 
(soluble in human gastric juice) Lead renders the enamel more 
fusible and flexible The dry enamel is scattered o\ er the ware while 
It IS red hot and tliere is no wa> of carrjnng off the lead laden dust so 
as to prevent contamination of the air, while the heat and exertion 
are too great to allow tlie enanieller to wear a respirator However, 
efforts to lessen tlie dust ha\ e been made of late and it is highlj prob- 
able Uiat plumbism is not so prevalent in tins industr> as it was in 
1911 when 54 out of 148 men, who were examined, liad unmistakable 
signs of chronic lead poisoning (469) 

The manufacture of rubber, especially footw ear, mechanical rubber, 
and automobile tires, uses now less lead rclatixelj but more absolutely 
because so much more nibber is manufactured each j ear The lead is 
usuallj litharge, sometimes sublimed lead sulphate, and it is added to 
crude rubber to accelerate xulcanizauon and to make the product 
heavier Lately orgamc accelerators have been taking the place of 
lead and >ct so great is the increase of rubber manufacture that 
tlicre IS more lead sold now to rubber factories than before Only a 
small proportion of the employees come in contact w itli lead but unices 
great precautions against dust arc adopted there may be a high rate of 
plumbism among the compounders and muxers In one factor) there 
were onlj 25 out of 1200 cmploate-, who handled lead but 11 cases of 
plumbism occurrexl m one > ear (473) 

\\ lute lead i-. made bj two methods- the old Dutch process and the 
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Carter. The former is slow and requires much hand work, the latter 
is dusty but quick and largely mechamcal. This mdustry has under- 
gone very radical improvement in the last ten years and almost all 
white lead works are now equipped with excellent mechanical devices 
to prevent dust, mth ample washing facihties, a clean lunch room and 
washable working clothes, pro\uded and laundered by tlie manage- 
ment There is always a physician in charge of such plants Cases 
of acute lead poisoning are fairly infrequent at present but every now 
and then a serious case of acute and rapidly developmg lead poisoning 
does occur, showing that susceptible men run a risk in such work 
Negroes are umversally found to be more susceptible, especially to the 
cerebral forms of plumbism 

The pamters’ trade in every country has been brought under less 
complete control than any other lead trade, and it is the one that shows 
the least improvement in the rate of lead poisoning For this reason 
the French are insisting on the abohtion of lead paint and they have 
already closed their white lead factones and forbidden the use of lead 
paint on bmldings On the other hand, the Bntish (338) (12) and 
German (255) (404) authorities on industrial hygiene lay stress on the 
toxic constituents other than lead which are present in almost all pamt 
and also in paint removers, shellac and varmsh These are volatile 
fluids such as turpentme,benzene,petroleum distillates and wood alco- 
hol, all of which are capable of producing more or less senous intoxica- 
tion and, accordmg to this view, are really responsible for much of the 
ill health of pamters which is usually attributed to lead (See abstract 
of controversy before the International Labor Bureau of the League 
of Nations, by E L Colhs m the Jourml of hidustrial Hygiene, 
1923, 5, 52 s) 

Nevertheless, great efforts have been made m Great Britain and in 
most Contmental countries to mimmize the dangers of lead paint by 
prohibiting dry rubbing down when lead paint is used, prohibiting the 
mixing of dry white lead by the painter, restncting the use of white 
lead paint in intenor work, etc Fortunately the Amencan tendency 

’ The Draft Convention of the International Labour Office of the League of Nations 
which was formulated at the October 1921 session, and submitted to nations which are 
members of the League, prohibits the use of white lead or subhmed sulphate of lead m the 
intenor painting of buildings 
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to speed up the job leads more and more to the abandonment of drj' 
rubbing down in intenor decoration, except on very high class work, 
but It IS still done in the pamting of Ford automobile bodies and of 
practically all ’vehicle ■wheels 

The general impression obtains that less lead paint is used no'n than 
formerlv, but interviews ivith white lead producers do not confirm 
tins There has certainly been an increased production of white lead 
m the Umted States since tie V/ar, and tlie pamting trade is still the 
largest consumer, with tlie potteries coming next A new danger to 
the painter has appeared recently in the introduction of the “spraj 
gun” which has met 'nth an enthusiasbc recepbon and has spread 
rapidly It IS now used for pamting all sorts of factory goods, not 
onlj small objects ivhich may be placed in a cabinet witli an exhaust, 
but automobiles, wagons, railway and bollc> cars, agricultural 
machinery, furniture, and even tlie intenors of buildings It is easy 
to see how this increases the danger of lead poisoning, for a spray of 
finely divided droplets, each carrying its tiny load of lead, is hard to 
conbol The experiments of Sharpe (418), of Toronto, have shown 
that in such work the lead content of the air may go far beyond the 
limit of safety, and that the ordinary respirator lets a dangerous 
amount pass through The Bureau of Mines has recently show n that 
a gas mask can be constructed which will hold back the lead, but it is 
certainly doubtful whether painters will consent to work in such a 
mask 

The pamters' trade is still at the head of the list of occupations whicli 
give nse to plumbisra, as is indicated by' many' recent reports in the 
United States (468) (470) (201) It must be remembered lliat an 
allied industry, that of the glaziers, is also attended witli the use of 
white lead This is a constituent of glaziers’ putty , and recently four 
glaziers, working m a New York shop, were found to be cxcrclmg lead 
in the urine 

Pottery is the next most important of tlie white lead using mdustnea 
and one that is increasing stcaddy in extent in the United States. 
Le id glaze is used on all so called white ware (uble and toilet ware), 
on smaller sanitary ware (not carUicnware batli tubs), on art ware, 
ycllov ware and Bockingham, and on glared tilts used for interior 
decoration and occasionally on glazed roof tiles W lute lead is the 
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form most used, next to that comes red lead In some potteries the 
lead is “fritted/’ that is, it is added to the raw constituents of the glaze 
and fused with them and thus changed in part to the insoluble lead 
disilicate, a procedure which greatly lessens the danger, but which 
is unfortunate^ not often used in the United States, the lead being 
commonly added after fritting is over The study made recently by 
the United States Pubhc Health Sei^nce (Bulletin 116) shows a very 
high rate of plumhism among the men and women who glaze and 
decorate potteiy and tiles The physicians examined 1809 men and 
women potters and found a rate of at least 13 5 per hundred employed, 
while the rate in British potteries in 1913 was only 0 9 per hundred, 
one-fifteenth of the American rate 
The prevention of lead poisoning may be diffi cult of execution, but 
the prinaples which must guide it are very simple In almost all 
cases of industrial plumhism and in aU senous cases, it will be found 
that the workman has been poisoned by lead which entered his body 
with the inspired air It is unnecessary to enlarge on this point, for 
the preceding chapters proMde the explanation for a fact which has 
been observed repeatedly in practice since it was first announced by 
Tanquerel des Planches a hundred years ago He said, “All the 
characteristic traits of the primary effects of plumhism may be qmckly 
obser^'^ed in workmen who are habitually in an atmosphere of lead dust 
and vapors None of the primary effects are found among workmen 
who handle lead in a fixed state ” 

The practical experience of British and German factory inspectors 
bears out abundantly the assertion that the air must be kept free from 
lead dust and lead fumes (fume is a suspension of extremely fine parti- 
cles of lead oxides and sulphate) if serious poisoning is to be prevented 
Of secondary importance is the provision for personal cleanliness, but 
of course this should never be neglected 
Since the susceptibility to lead vanes enormously in different indi- 
viduals, and since it is impossible to detect this susceptibihty at the 
time when the worker is employed, it is essential to have a medical 
examination of all lead workers at regular intervals If any case of 
lead poisoning is discovered, the worker should at once be suspended 
from lead work and given other employment, preferably out of doors, 
till all symptoms of lead poisomng have disappeared 
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XXI ADDENDDII 
Lead in liquor 

In a few cases in -nhich there had been no industrial exposure, lead 
poisoning has been caused by the consumption of alcoholic dnnks 
con taming lead These beierages were illegally made— presumably 
with ordinary' household appliances Because lead m as found in a few 
samples, various liquors known to be used commonly by satumines 
have been systematically investigated The results are grouped in 
the following table 


Tkc ouurrtnce of lead tr Itqttor 

tnfm ej Fi ftr 


Ifter p/ Uepior 

DisUlk<l hquor S IS 

Buitillcd liquor 4 J 41 

Distilled liquor 52 70 

Distilled liquor 18 30 

Distilled liquor 5 84 

Distilled liquor 6 25 

Distilled liquor » 0 00 

Wine 74 25 

Wine 0 00 

Wine 75 40 

Wine I 38 

W'lnc 1 62 

Wine 1 09 

Wine 0 40 

W me 0 00 

W'lnc 0 20 

W me 1 Ot 

Wine (race 


It IS interesting 'ind significant that of eighteen samples of liquor 
anal) zed, X\\ o only ere negative In the preparation of it least one 
kind of distilled hquor a lead norm had been used as a condenser 
lhat wines should contain lead is not surprihing as fruit aads fchicflv 
tartanc) are an excellent solvent for most lend compounds and can 
ca'^ilj dissolve it from crocks glazed wUli a Icul glaze metal vessels 
containing solder, or from copper vessels imncxl wath an inferior Lm- 
lend allov Consequently, contaminated liquors constitute a dcfimle 
source for <ty C4ilkd “normaf' lead 
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The literature of plumbism contains many references to poisonmg from 
liquors purposely or accidently contaminated with lead Chevallier and 
Ohvier (79) cite an mstance of an epidemic of lead poisonmg caused by the 
use of litharge m treating “green” wine Campbell (62) and Allden (6) both 
report cases of lead poisoning occasioned by home made wme which had 
dissolved lead from the contamers Bidwell (37) reports contammation of 
liquor with lead and recently mention has been made (500) of several cases 
of lead poisomng m England caused by lead from the vitreous enamel coat- 
ing of the cast iron tanks used in the manufacture of beer Vaughan (475) 
also cites instances of lead poisonmg after the consumption of “moonshine” 
whiskey which had evidently been contaminated by the stills. 

The wide-spread use of containers glazed with lead compounds and 
the careless use of leaden or soldered containers in the preparation of 
home-made beverages is therefore a matter of concern from the view 
point of health 
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ETIOLOGY OF SCARLET FEVER 
A R DOaiEZ 

From the Department of ifeJieitie, College of Physicians and Surgeons, Cal imlna Unirerstly 
and It e Presbyterian Uaspilot, A ra. J orh 

Scarlet fever is in all probabiIit> a very old disease The regions 
in -fthidi the malady originally arose are a matter of uncertamtj 
There arc some v\ho believe that tlie Plague at Athens was a malig- 
nant form of scarlet fever, an interesting assumption in view of the 
present relatively low case fatality and the ominous variabditj in 
seventy of outbreaks in the. past Fairly accurate descriptive records 
of scarlet fever appear in tlie literature as early as the middle of die 
sixteenth century and recur wiUi increasmg frequency and definite- 
ness up to the time of Sydcnliam For many years die disease was 
confused with measles, erysipelas, diphtliena and certain septic 
processes Sydenham, who first cmploy'ed die name scarlet fever 
clearly dillercntiatcd it from measles by his careful descnption of the 
disease as it appeared in London from 1661 to 1675, and laid die 
foundation of an accurate knowledge of its spcaal diaractcrs In 
spite of this valuable contnbution the existing confusion did not 
disappear, and manv physicians still confounded it with diphdiena 
ind certain septic anginas Widi the increasing volume of medical 
literature and better facilities for die communication of ideas, scarlet 
fever became more and more dearly defined as a clinical entity 
Confusion, hov.ever, with diphdicna frequently occurred, evam, 
dowTi to die times of accurate diagnosis by means of bactenological 
mediods In fact even today the inability to differentiate scarlet 
fever from certain septic conditions of die throat, assoaated with 
erythematous rashes, continues to plague the mind of the diagnos- 
tician In spite of diese diagnostic difficulues ehnical differentiation 
01 scarlet fever from other exanthemata has been possible for a long 
enough period of time to determine clearlv its contagious nature and 
to permit illumiimting epidemiological and clinical studies 
Tlie contagious clement in scarlet fever is probably alv ay s derived 
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from a previous case In most instances it is taken directly into the 
mouth or nasopharynx by the inhalation of air charged with minute 
droplets of sahva or mucous projected from the mouth or nose of the 
infected individual Other important sources of contagion are the 
purulent discharges from infected paranasal sinuses, from suppura- 
tive inflammation of tlie middle ear and lymph glands, secondary 
conditions that constitute the most frequent and distressing compli- 
cations of the disease There is much evidence to support the view 
that the causative organism suivives in the dry state m a virulent 
form for long penods of time Contamination, therefore, of clothing 
or personal articles of any kind with infective matter may serve as 
a means of conveying scarlet fever Formerly the belief was quite 
prevalent that flakes of skin given off dunng the period of desquama- 
tion were the most important vehicle of the contagion, and quaran- 
tine regulations were roughl}’’ founded on time periods correspondmg 
with the duration of tlie desquamative stage Current opinion holds 
that the contagious element is not present in the skin in the late 
stages of scarlet fever, a somewdiat curious fact, inasmuch as the rash 
is the most distinctive climcal manifestation of the disease The 
role of tlie healthy carrier in spreading scarlatina is undoubtedly of 
great importance but determined accurately as yet in only a very few 
instances because of the uncertainty concerning tlie etiological agent 
That sucli types of carriers do exist tliere can be no doubt, and Bliss 
(1) has been able to trace a small epidemic of scarlet fever to such a 
souice Anotlier interesting means of the wnde dissemination of 
scarlet fever is an infected millc supply and numerous undoubted 
outbreaks have ansen from the consumption of contaminated milk 
The clinical and epidenuological e\ndence, therefore, that has been 
collected indicates that the causative agent of scarlet fever is present 
in the throat secietions and the discharges fiom suppurative foa m 
patients throughout tlie illness, and for a considerable period of tune 
during convalescence It resists exposure to hght, and in the dry 
state may retain its lnfectl^’ity for many montlis Healthy carriers 
and atypical attacks of the disease are not an infrequent occurrence 
In all probabihty the udder of the cow may become infected with 
tlie specific Mrus, and tlie milk obtained from this ammal may serve 
as a vehicle of infection 
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Notwithstanding these excellent clinical md epidemiological 
studies which ha\c ensured the eas> recognition of t>pical attacks 
of the disease, and which have furnished the essential data for useful 
quarantine regulations, tlic causative organism of scarlet fever has 
remained unknown Experimental studies have been publishd 
from time to time, suggesting that the infective agent belongs to 
one or other of the pnnapal groups of microorganisms, such as die 
pathogenic bactena, protozoa, <ind tlic so-called ultramicroscopic 
viruses As a bactenal cause, Streptococcus hemolyticus has 
aroused much interest and stimulated more or less continuous inves- 
tigation because of its constant association both with the uncompli- 
cated and complicated forms of the disease Certain observers 
have discovered inclusion bodies in leucocytes and in epidermal 
cells which they have thought indicative of a protozoan cause for 
scarlet fever Finall>, scientific opinion seized upon those mjstenous 
living bodies commonlv de--ignated is filterable viruses as the most 
probable cause of tlic disease This latter view has become most 
widelj accepted and is the usual etiology assigned in text books m 
spile of the fact that no real evidence has ever been produced to shoe 
tliat any sudi microorganism exists cither in the throat secretions, 
ttssues or blood of an indiv idual sufTcnng from scar! itina 
Both Mallory (2) and DohlC (3) have made the suggestion that 
scarlet fever may be due to a protozoan infection In 1904 Jlallory 
observed in four c.iscs of scarlet fever certain bodies whose varying 
morphologv' strongly suggested that Uicy might have been stages in 
the developmental cycle of a protozoan They occurred m and be- 
tween the epithelial cells of the epidermis and free in the superficial 
lymph vessels and spaces of the conum They’ formed a senes of 
bodies including definite rosettes, which closely resembleil those 
seen in the asavual development of the malanal parasite There 
were also ccrf.ain coarsely reticulated lomis whidi he thought might 
represent singes in sjiorogony Malloo was of the opinion personally 
that these bodies were protozoa and bore an etiological relationship 
to scarlet fever but he did not reg-uxi their significance as rstab 
lishcrl Confirmatory observations were subsequeniK made by 
Duval (41. Bcrnlnnll (5) and v Proi atd (6) Similar bodies 
bo.vtvtr, were later found bv Field ( 7 ) m odicr conditions and they 
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finally came to be looked upon as peculiar products of cell degenera- 
tion and not as living forms ivith a specific relationship to scarlet 
fever 

In 1912 Dohle, on examining the blood smears from thirty cases of 
scarlet fever, found within the cytoplasm of the neutrophilic poly- 
nuclear leucocytes multiform inclusion bodies These inclusions 
were present in a large percentage of all leucocytes and by special 
methods of staining revealed themselves as intermediate in intensity 
between nucleus and cytoplasm. In a later commumcation certain 
of these inclusions are designated as “Spirochaeta scarlatmae,” and 
are assigned both diagnostic and prognostic importance Although 
numerous observers confirmed Dohle’s observations on the presence 
of leucocytic inclusion bodies, further study revealed the fact that 
they are present in practically all febrile conditions, in chrome pyo- 
gemc infections without fever, in certain severe injuries, and oc- 
casionally in normal human beings In all likehhood they result 
from nuclear degeneration not infrequently observed in septic states 
and have no specific bearing on the etiology of scarlatma The 
evidence offered in favor of the protozoan origin of scarlet fever has 
never stood the test of close scrutiny 

The belief that scarlet fever is due to an unknown virus, probably 
of filtrable character, is based largely upon the results of attempts 
to communicate the disease experimentally to animals A number 
of observers have reported scarlatina-hke mamfestations in monkeys 
inoculated with infective matenal from active human cases of the 
disease Among these observations the most interesting are those 
of Levaditi, Landsteiner and Prasek (8), who, by the inoculation of 
anthropoid apes, seem to have produced what in aU likelihood was 
true scarlatina Exudate from the throats of individuals with scar- 
let fever was rubbed into the tonsils of apes and defibnnated blood 
injected subcutaneously, and in one instance material from a sup- 
purating lymph gland The animals, after an incubation penod of 
about three days, are desenbed as having a typical angina wth 
characteristic exudate, enlargement of the foUicles of the tongue, 
a generalized exanthem resembling that of scarlet fever, and m 
certain instances when the animals recovered desquamation of the 
skin. There was also present the characteristic Ijmphoid hyper- 
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plasia, and the histological lesions in the skin resembled those seen 
m scarlet fever In all the animals presenting such a picture S 
hemolyticus ivas present, eitlier in the blood or in the local lesions 
in tlic throat Levaditi, Landsteincr and Prasck, however, did not 
tliink that streptococcus was accountable for tlie manifestations, 
inasmuch as when pure cultures of this organism were obtained from 
the infected animals or from human bemgs and inoculated into fresh 
apes, the phenomenon described could not be reproduced They 
do not state tliat tlie organism of scarlet fever is a filtrable virus, but 
simply saj tliat it is of unknown characteristics Cantacuzene (9) 
and Bemliardt (10) claim to have induced a similar senes of phe- 
nomena by the inoculation of monkeys of a lower order with human 
material Levadtu, Landsteincr and Prisek failed to produce in a 
large senes of lower monkeys the disease syndrome manifested by 
the apes, nor were subsequent investigators more successful in con- 
firming the onscrvations of Cantacuzene and of Bernhardt Prom 
tlic failure to discover an organism of known diaractcnstics, ratlier 
tlian from any positive evidence has grown the belief so generally 
held that the etiological agent of scarlatina is an ultramicroscopic 
virus 

During the many years that investigators have searched for the 
causative agent of scarlet fever, and wath the varying emphasis at- 
tached to one or another speaes of parasite from time to time, the 
constant relationship to tins disease of one organism S hemoly ticus 
has become more and more significant. As early as 1885 Crook (11) 
reported tlic presence of streptococcus in the blood and organs of 
indivaduals dyang of scarlet fever Locfiler (12), m addition, found 
this organism to be present in certain types of necrotic angina as- 
soaated v itli scarlet fever and was furtlicrmore successful in isolating 
the germ m pure culture At this Umc Klein (13) likewise isolated 
1 streptococcus from the tissues of patients with scarlatina, which 
he nmied Streptococcus scarlatinac In 1885 the latter observer 
while invcstigituig an outbreak of fever among certain cows belonging 
to a farm at Hendon, England, isolated from ulcerative lesions of 
the udders and from certain viscera, a streptococcus v.hich he con- 
sidered to be idetilical with Streptococcus scarlatmae This ob- 
servation was not onh of great interest but also of very great impor- 
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tance because the milk obtained from the infected cows was show n 
to have been consumed by persons who subsequently developed 
scarlet fever These early observations of the frequent relationship 
of streptococcus to scarlatina were soon confirmed by many students 
of the disease in different parts of the world In 1900 Baginsky 
and Sommerfeld (14), reported the constant presence of streptococcus 
in the throat durmg the characteristic angina in seven hundred 
cases of scarlet fever They also found this orgamsm frequently in 
the blood, bone marrow and internal organs of patients d 5 dng of this 
disease Other observers found streptococcus in the blood of fatal 
cases of scarlet fever in as many as 70 per cent of the individuals 
studied Hektoen (15), furthermore, found the orgamsm in blood 
in 12 per cent of patients during life, and his observations are of 
especial interest in that they mdicate that the usual bad prognostic 
import of this phenomenon does not necessarily hold for scarlet fever 
In addition to the presence of streptococcus in the throat and blood 
of mdl^’iduals with scarlet fever, this orgam'sm has also been proven 
to be the most frequent cause of the septic complications of the 
disease Many times in septic foci streptococcus has been found in 
pure culture, and it is an old observation that convalescent individuals 
ivith discharging suppurative lesions are especially likely to give nse 
to return cases of scarlet fever showing that m such lesions the causa- 
tive virus persists in an active form for long penods of time 
Such widespread and constant association of S hemolyticus with 
scarlet fever has led some investigators to propose tlie \'iew that 
streptococcus is the etiological agent of this disease Certain ob- 
servers, on the other band, oppose this behef and have considered it 
more likely that streptococcus plays in scarlatina the role of a second- 
ary invader. The objections of this latter group to the etiological 
significance of streptococcus are based upon certain important con- 
siderations As is well knovvm streptococcus is an organism of very 
widespread distribution and gives rise to a vanety of pathological 
lesions such as abscess formation, cellulitis, septicemia and numerous 
other conditions Frequently the same individual may have through- 
out life repeated streptococcus infections, one attack not seeming to 
confer immunity against subsequent invasion of the tissues by the 
same organism The latter condition of affairs is especially true of 
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eo'sipclas, one of the most charactcnstic of tlic streptococcus diseases 
On the other hand, scarlet ^e^c^, in sharp contrast to other strepto- 
coccus infections, is a fairly definite clinical entit> and one attack 
appears to give nse to an immumtj of life long duration This 
peculiaritj of scarlet fever might have been e-vplained had it been 
possible to prove that the streptococcus associated with scarlet fever 
differed specifically from the hemoljtic streptococa causing the 
v'anous septic processes However early culturil and biochemical 
studies have failed to demonstrate anv significant dilierential charac- 
tenstics by means of which Streptococcus scarlatinae could be 
separated biologically from similar streptococci found in other dis- 
eases l\Tien grown in fluid or in solid media, hemolj tie streptococci 
resemble one another very closely, whatever be their source It is 
true that certain constant difTcrcnccs can be brought out by means 
of fermentation of various carbohydrates, but such variations as 
exist apparcntlv do not bear iny specific relationship to a single 
disease process, and have been of but little aid in determining the 
etiological significance of streptococcus in scarlet fever In addi- 
tion to tins objection Jochmann (16j has emphasircd especialh his 
failure to find streptococcus in eiUier the blood or tissues of indmd- 
ualsdvingm i few days from malignant forms of the disease Since, 
therefore, types of streptococci indistinguishable from those seen in 
scarlatina ire found in a great variety’ of disease conditions, and 
since the qualitv of tlic iminunilv in this disease differs widelv in its 
duration from that observed in other streptococcus inlcrtions, and 
finally’ bec-'iise of Joclimnnn’s contention that streptococcus is not 
present in certain malignant tvpes of scarlet fever, the conclusion 
has been drawn tlial streptococcus cannot be the cause of Uic decease 
An effort to meet tlicse objections has been made by the group of 
investigators v.ho believe tliat streptococcus is the etiological agent 
of scarlet fever Pile observation bv Uaginsky and Sommerftld of 
the constant jirLScnce of S liemolyiicus in tlie throats of all cases 
of scarlatina, an observation later tonfirmid by others has done 
much to offset the inferences drawn from Jochm inn’s failure to find 
It in a few instances of fulminant tvpes, c'specially since we now know 
that the organism in the latter casis may hav e been localired in ^omt 
inaccessible area Attempts were made in addition to explain the 



258 


A R DOCHEZ 


immunity in scarlet fever and to establish the type specificity of the 
scarlatinal streptococcus Moser (17) and Moser and Pirquet (18) 
have claimed that scarlatmal convalescent serum agglutinates to a 
higher titer Streptococcus scarlatinae than does control serum from 
other diseases Furtheimore, they have prepared polyvalent serum 
from horses, using the streptococcus of scarlet fever as antigen and 
have studied the capacity of such sera to agglutinate specifically 
various strains of scarlatmal streptococci The latter strains were 
agglutmated in dilutions of 1*1000 or over, whereas hemolytic strep- 
tococci from other sources were not specifically agglutinated As a 
consequence of these observations Moser and Pirquet believed that 
the streptococcus of scarlet fever differs specifically from apparently 
similar strains isolated from instances of erysipelas, phlegmon and 
puerperal sepsis Meyer (19) and Rossiwall and Schick (20) have 
confirmed the results of Moser and Pirquet Unfortunately, how- 
ever, certain later studies by Hasenknopf and Salge (21), Aronson 
(22), and Neufeld (23) failed to support the earher ones and grave 
doubt was thrown upon the specificity of Streptococcus scarlatinae 
Other interesting facts which indicate the specific relationship of 
streptococcus to scarlet fever have come from the studies of Gabrit- 
chewsky (24) on the specific prophylaxis of scarlet fever by means 
of a vaccine prepared from S scarlatinae, and of Moser (25) on the 
therapeusis of the disease by means of a speafi'c antistreptococcus 
serum Gabritchewsky and his coworkers immunized a large num- 
ber of mdividuals against scarlet fever with a vaccme prepared from 
hemolytic streptococci isolated from scarlatina During the process 
of immunization certain phenomena occurred which were highly 
suggestive of the chnical manifestations of scarlet fever In the 
majority of instances an area of erythema and swelhng averaging 
15 cm m diameter developed at the site of the vaccine injection 
appeanng in from eight to twenty-four hours and lasting about forty- 
eight hours In general the erythema was dirmmshed or absent fol- 
lowing a second injection some ten days later In about 15 per cent 
of the indi\nduals moculated a general reaction was observed This 
general reaction consisted in fever of 1°C or so, leucocytosis and 
an erythematous rash, having the characteristic distribution of the 
exanthem in scarlet fever Some of those inoculated showed the 
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topical angina and stranbero' tongue peculiar to tlic disease and 
in a few instances signs of renal irntation were obseried In gen- 
eral indniduals who were recovenng from the disease or who had 
had It some years before failed to show cither a local or general re- 
action Administration of Moser's antiscarlatinal serum before die 
inoculation was shown to prevent the development of both a local 
and a general reaction Proph> lactic immunization of this type 
seemed to diminish tiie incidence of scarlet fever among die inocu- 
lated As a result of these observations Gabntchewsk> and his 
assistants were strongly of the opinion that streptococcus is the 
causative agent of scarlet fever 

The therapeutic results obtained by die use of Moser’s scrum 
lent further support to diis view Moser immunized horses to hemo- 
lytic streptococci obtained from the blood of patients suffering from 
scarlatina TJie serum dius prepared was used therapcuticallj’ and 
IS said to have had marked beneficial effects causing a drop in the 
temperature and pulse, a diminution of the toxemia, early disap- 
pearance of the rash and a marked shortening of the duration of the 
disease Escliencli who observed the work closely was much im- 
pressed by the therapeutic value of die serum and likened its action 
to that of diphthena antitoxin Later antistreptococcic sera pre- 
pared by odier investigators, however, faded to displa> die thera- 
peutic effiaenev of Moser’s scrum and created doubt in the minds 
of many concerning the usefulness of such sera 

Much other evidence boUi for and against the etiological relation- 
ship of streptococcus to scarlet fever was presented at this tunc and 
as one weighs Us importance in retrospect, die positive seems of 
more significance than the negative Ihe outstanding objection, 
however, to the acceptance of streptococcus as the cause of scarlet 
fever remained the impoasibilil} of differentiating satisfactorily this 
organism from hemolytic streptococci assoaated widi the great 
variety of septic conditions As a result other etiologic agents 
were searclied for Moser’s scrum dropped into disuse and strepto- 
coccus V actine w as no longer used in the prophj laxis of scarlet fev er 
baentific opinion gradually came to hold that streptococcus bore 
an important but secondary relationship to scarlet fevrer, and that 
Uic true cause must be sought among the unknown viruses 
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For many years confusion has existed and opinion has varied con- 
cerning the existence of biologically varying t 3 ^es of streptococcus 
Two diverging points of view developed, one maintaming the umty 
of the species as a tj’pe, and the other holding that it comprised a 
group of orgam'sms different from one another in their biological 
characteristics Schottmuller (26) in 1903 made an important con- 
tnbution to the discussion in demonstiating between certain strepto- 
cocci, differences based on their action on blood agar plates, one group 
hemolyzing the red blood cells and the other either fading to hemolyze 
or forming methemoglobin This significant differentiation resulted 
in the establishment of the types now generally recogmzed as hemo- 
lytic and nonhemolytic oi green pigment producuig strains Fur- 
ther classification v/as attempted by numerous investigators who 
used as a basis of differentiation certain biochemical reactions Hol- 
man (27) in 1916 using carbohydrate fermentation as a test wms able 
to demonstrate the existence of a number of separate fermentation 
types Numerous efforts were also made to establish biological 
differences, especially among the hemolytic streptococci, by means 
of serological reactions methods which had proven singularly success- 
ful when employed for studying tlie various types of pneumococcus 
and menmgococcus As a result of these studies conflicting beliefs 
arose, and a definite opinion could not be given as to whether or not 
separate biological t 3 Tpes of S hemolyticus exist As late as 1918 
Swift and Kinsella (28) using the complement fixation reaction as a 
test made a senes of observations of twenty-eight strains of hemo- 
lytic streptococcus from various sources They found that they 
w^ere unable to determine significant serological differences between 
the strains studied and are of the opinion that a stnking homogeneity 
exists Efforts to correlate such different types of hemolytic strep- 
tococcus as had been determined with specific pathological lesions 
were also of indeterminable significance, varying types being found 
in association with the same disease 

In 1918 Dochez, Avery, and Lancefield (29) undertook a biological 
study of a great number of strains of S hemolyticus, obtained from a 
variety of patliological conditions among the changing population of a 
large military establishment The purpose of this investigation was to 
determine if tliere exist among the hemolytic streptococci diverse 
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biological types as is the case in the instances of pneumococcus and 
meningococcus The specific test reactions were those of agglutina- 
tion and protection Spontaneous non-specific flocculation, tlie 
most confusing factor m previous studies of specific agglutmation 
of streptococcus, lias avoided bj the employment of special methods 
The outcome of tliese studies iias to prove tliat there are separate 
biological 1)7)65 among hemol) tic streptococci, just as there are among 
other apparently closel) related groups of microorganisms More 
than 68 per cent of the strains investigated comprised siv easily dis- 
tinguishable serological types 

This study iias part of a general investigation of the biology of 
streptococcus, and, as a result of the facts developed. Bliss andDochez 
(30) undertook a reinvestigation of the much debated question of the 
unity of type of the S hemolyticus so constantlj assoaated with 
scarlet fever An effort was made to answer Joclimann’s mun objec- 
tion to the etiological relationship of S licmoljticus to soirlct fever, 
namely, that the organism is not present in every instance of the 
disease, and tliat it cannot be satisfactorily differentiated from 
hemolytic streptococci assoaated with the common septic conditions 
Bliss (31) found when cultures arc made from the throat earl) in 
the course of scarlet fever tliat hemolytic streptococa are present 
in predominating numbers in 100 per cent of indivaduals examined, 
thus confinning the earlier work of Bagmsky and Sommcrfeld 
Immune sera were then prepared by tlie inoculation of rabbits witli 
scarlet fever streptococci, and the capaaty of tliese sera to aggluti- 
nate specificallv a large number of freshly isoliteel scarlet fever 
strains was tested Ten sudi sera were prepared from different 
strains of scarlet fever streptococci and each serum was found to 
agglutin lie more than 80 per cent of the strains isolated from scarla- 
tinal throats Agglutinating sera prepared from strains of hemolytic 
slaptocoeci derived from pithological sources other than scarlet 
fever in general, faded to agglutinate sptaficallv the scarlatinal 
strains rurthemiore. strains of hemolv tic slreptococei obi iintsl from 
such conditions as tonsilliiis, erysipelas, broncho pntiimom?, md other 
septic disc ISIS, as well ns the vanous tyqic streptococci, detenmned 
h) Dochez, \\cry and Lanceficld were not agglutin-tcd b) the 
scarlatinal anUstreptococac sera The cvadcncc in favor of the 
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specificity of the agglutination reaction of scarlatinal streptococci 
was reinforced by results obtained from agglutinin absorption experi- 
ments Scarlatinal streptococcic sera also afforded some protection 
of experimental animals against virulent scarlet fever streptococci, 
but had no protective power against hemolytic streptococci from other 
sources This work indicates that the majority of hemolytic strep- 
tococci found in association with scarlatina belong to a specific 
biological group and can by appropriate methods be distinguished 
from hemolytic streptococci denved from other pathological condi- 
tions These observations, I beheve, confirm in a satisfactory man- 
ner the early studies of Moser and von Pirquet on the same subject 
Contemporaneously with Bliss, Tunnichff (32) investigated, by 
means of the opsonic and agglutination reaction, a series of hemolytic 
streptococci isolated from patients during the early stages of scarlet 
fever She concludes that the serum of sheep immunized with 
hemolytic streptococci from the throat in the acute stage of scarlet 
fever contains opsonins and agglutinins for the hemolytic strep- 
tococci that prevail in the throat and complicating lesions early in 
this disease, but not for hemolytic streptococci from other sources, 
such as erysipelas, mastoiditis, measles, influenza, diphtheria and the 
normal throat The results of her absorption experiments also indi- 
cate tliat the hemolytic streptococcus from scarlet fever forms a 
distinct group, scarlatinal streptococci removing the opsonins and 
agglutinins for these cocci while absorption with a hemolytic 
streptococcus from erysipelas has no such effect These results also 
suggest that the hemolytic streptococci from scarlet fever form a 
distinct serologic group Somewhat later Gordon (33) found that 
eighteen strains of hemolytic streptococcus isolated from scarlatina 
were identical in their agglutinative reactions None of these 
strains absorbed the agglutinins from immune sera prepared from 
certain other types of hemolytic streptococcus, designated by him 
as Types I and II On the basis of this evidence, Gordon concludes 
that the streptococci from the throat secretions in scarlet fever con- 
stitute a group immunologically distmct from other varieties of 
streptococcus pyogenes Eagles (34) in a recent study compared 
the serological reactions of hemolytic streptococci from scarlet fever, 
puerperal sepsis, erysipelas and miscellaneous sources He confirms 
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tilt immunological speaficity of the scarhtinal group and the clear- 
ness with which It can be separated from other types of streptococcus 
He furthermore compared in an interesting manner, a number oi 
individual strains obtained at three to four day intcn'als from the 
same patient and demonstrated a gradual but progressive loss of 
specific agglutinability, a phenomenon which we have observed, 
and of which I shall say more later Williams (35) has also studied 
tlie serological reactions of the scarlatinal streptococa and finds only' 
35 per cent to belong to a single type, and is of the opinion that a 
greater vanability evists than is suggested by the work of tlie pre- 
vious observers Dick and Dick (36) have shown two strains of 
scarlet fev er streptococci, one a mannitc fermenter, and the other a 
non-manmte fermenter, to be serologically distinct, and believe tliat 
Uie agglutination reaction is of but little importance in determimng 
tlie character of the scarlatinal streptococa 
It would seem, therefore, tliot the old question stressed by Joch- 
mann, concerning the speafiaty of the streptococcus of scarlet 
fever still remains in dispute Ihc preponderance of evidence, how- 
ever, strongly' favors the belief that these cocci compnsc a separate 
biological group and tliat the best method for determining this speci- 
fiaty of type is by agglutination In order tliat satisfactory results 
may be obtained from tins reaction certain ngid conditions must 
be compbed with, spontaneous autoagglutination must be prevented, 
and the streptococci in question must be studied fresh from their 
human environment This latter requirement is of great sigmfi- 
cance Recent studies by Aveo and Heidelbcrger (37) have shown 
tliat the type specifiaty of pneumococcus is dependent upon the 
chemical consUtuiion of the capsular substance The production 
of thus substance is a vanable function of the organism, it is greatest 
in Its stnctly parasitic phase and is reduced by all factors which 
reduce virulence and lessen pathogenicity That a similar loss of 
a siiccific function bv scarlatinal streptococci takes place when Uiey 
are removed from tlicir parasitic environment i> extre'mcly likely 
niiss and Stevens and Dodier (3S) have empbasircd tlie rapidity 
with winch specific agglutinating qualities are lost upon continued 
growth of these streptococci in artifiaal medium and Eagles suggests 
that the samt diangc mav taf c place under tlu mnuence of the im 
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mune bodies formed by a scarlatinal subject during convalescem 
The suppression of specificity of serological reaction under the i 
fluence of immune bodies is of course a well recognized and esta 
lished phenomenon among the pneumococci The results obtain 
therefore indicate that if a large number of strains of scarlatinal stre 
tococci are studied under appropnate conditions and withm a she 
period of time from their isolation during the acute stage of scarl 
fever a high degree of serological specificity can be demonstrate 

Streptococcus scarlatinae is found not only in the throats ai 
organs of individuals suffering from anginal types of scarlet fever b 
has also been obtained from atypical forms of the disease, healtl 
carriers and contaminated food products Serologically spech 
streptococci have been isolated from the local lesions in scarlet fev 
arising from the infection of wounds and burns, from the throat 
scarlet fever without a rash, and from the lochial discharge in i 
stances of puerperal scarlet fever Bliss succeeded in tracing a smi 
outbreak of scarlatina in an isolated children’s institution to a recent 
admitted healthy carrier of Streptococcus scarlatinae Stevens ar 
myself identified by means of agglutination and absorption reactioi 
a's scarlatinal streptococci organisms isolated both from the coi 
taminated milk which had given rise to a milkborne epidemic < 
scarlet fever, and from the throats of patients who contracted ff 
disease from this milk As a result of these studies the important 
of Jochmann’s objections to Streptococcus scarlatinae as tlie etioloj 
ical agent of scarlet fever was much lessened and students agai 
began to take an active interest in this orgamsm as tlie probabl 
cause of the disease. 

From the very beginmng of the study of scarlet fever efforts hav 
been made to produce the disease experimentally in animals and i 
man by inoculation with scarlatinal matenal Most of these attempt 
have had in view the demonstration of an unknown virus of th 
filter passing type Streptococcus scarlatinae in spite of the pre 
sumptive evidence in its favor and of the fact that some of the mos 
typical examples of scarlet fever m animals have been associate! 
with its presence has been but little tested for its capacity to produo 
the disease experimentally Class (39) in 1899 reported the experi 
mental production of this disease in swine by an organism designatec 
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by him as Micrococcus scarlatmac 1 his iv as a gnm negative coccus 
isolated from three- hundred cases of scarlet fever and was in all 
probability a streptococcus Krumwiede, Nicoll and Pratt (40) 
in 1914 observed an accidental infecUon of a laboratory worker, who 
sucked into her moutli a mixture of living streptococci contaimng 
Streptococcus scarlatmac Ihrcc days later this individual developed 
a sore thro it and subsequently expenenced a typical attack of scarlet 
fever with all tlic usual phenomena Because of the interest aroused 
by this observation, efforts were made to infect monkeys witli the 
same streptococcus but no instance of the disease was successfully 
produced 

In 1921 Dick and Dick (41) made a senes of human inoculations 
with certain organisms obtained from the throats of individuals 
suflenng from scarlet fever Among the organisms utilized for tins 
purjiosc was Streptococcus scarlatmac Though some of the volun- 
teers expenenced sore throats as a result of the treatment no true 
instance of expenmental scarlet fever resulted In 1923 the same 
workers (42) repc ited their efforts to produce scarlet fever in human 
volunteers In the second senes of observations a hemolytic strepto- 
coccus obtained from the infected finger of a nurse suffering from 
wound scarlet fever was used for purposes of inoculation Five 
voluntters were inoculated bv sv ibbing tlic tonsils and pharynx 
w’ltli four-day old cultures of the streptococcus in question Ihrce 
of tlicsc individuals remained without evidence of infection and one 
suffered from sore throat and fever witliout a rash Hie fifth volun- 
teer, however, who had been inoculated with the streptococcus after 
tiirce weeks growth in artificial medium experienced a ty-pical but 
mild Httacl of scnrlcl fever, beginning fortv-four hours after inocula- 
tion, and cli iracterized bv sore throat, general maliiisi , nausea, 
fever, leucocy losis atypicil rash and albuminuria Desquamation 
began on the hands and feet on the tenth day- and was complete by 
the end of the fourth week Five volunteers inoculated with fillratis 
of the above mentioned organism remained well and showed neither 
sore thro it nor rash ‘subsequent inoculation of four of lliesc volun- 
teers with living unfiUcred cultures of the original slreptocottus 
resulted in the cxptnmcnlal prixluetion of another instance- of scarlet 
fever These observations were confimteHl later bv the same mvLS- 
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mune bodies formed by a scarlatinal subject dunng convalescence. 
The suppression of specificity of serological reaction under the in- 
fluence of immune bodies is of course a well recognized and estab- 
lished phenomenon among the pneumococci The results obtamed 
therefore indicate that if a large number of strams of scarlatinal strep- 
tococci are studied under appropriate conditions and within a short 
period of time from their isolation during the acute stage of scarlet 
fever a high degree of serological specificity can be demonstrated 

Streptococcus scarlatinae is found not only in the throats and 
organs of individuals suffering from angmal types of scarlet fever but 
has also been obtained from at)^ical forms of the disease, healthy 
carriers and contaminated food products Serologically specific 
streptococci have been isolated from the local lesions in scarlet fever 
arising from the infection of wounds and bums, from the throat in 
scarlet fever without a rash, and from the lochial discharge in in- 
stances of puerperal scarlet fever Bliss succeeded in tracing a small 
outbreak of scarlatina in an isolated children’s institution to a recently 
admitted healthy earner of Streptococcus scarlatinae Stevens and 
myself identified by means of agglutination and absorption reactions 
a's scarlatinal streptococci organisms isolated both from the con- 
taminated milk which had given nse to a milkborne epidemic of 
scarlet fever, and from the throats of patients who contracted the 
disease from this milk As a result of these studies the importance 
of Jochmann’s objections to Streptococcus scarlatinae as the etiolog- 
ical agent of scarlet fever was much lessened and students again 
began to lake an active interest in this organism as the probable 
cause of the disease 

From the very beginning of the study of scarlet fever efforts have 
been made to produce the disease experimentally in ammals and in 
man by inoculation with scarlatinal matenal Most of these attempts 
have had in view the demonstration of an unknown virus of the 
filter passing type Streptococcus scarlatinae in spite of the pre- 
sumptive evidence in its favor and of the fact that some of the most 
typical examples of scarlet fever in animals have been associated 
with its presence has been but httle tested for its capacity to produce 
the disease experimentally. Class (39) in 1899 reported the experi- 
mental production of this disease in swine by an organism designated 
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by liim as :Micrococcus scarlatinat This \\ as a gram n( gati vf wx i u(, 
is'ohttd from three hundred eases of scarlet fiver .md .van in all 
probabihtv a streptococcus Krumuiedc, Nicoll and I’raK W)) 
in 1914 obserecd an accidental infection of ,i laboratory worker, who 
sucked into her moutli a mnture of Jmng streptococci containitig 
Streptococcus scarlatinae Tlirce dajs later this individual developed 
a sore throat and subsequentlv expcnenced a tyjiir il attack of vc irlr 1 
fever with all tlic usual phenomena Because of tlie inti rest armiKi rl 
by tins observation, efforLs were made to infect monlcy vilh Ihi 
same streptococcus but no instance of tlie disease v as surcec'fully 
produced 

In 1921 Dick and Dick (41) made a 'eries of human inoeiilalioris 
with certain orginisms obtained from the throaU of individual 
suffenng from scarlet fever Among the organisms utiba/d for this 
purjiose was Streptococcus scarlatinae Iliough some of fJx volun 
teers experienced sore throats as a result of the treatment no trio 
instance of evpenmcntil scarlet fever rc'uftcd In 1921 the *iwi 
workers (42j repeated tlieir efforts to produce scarlet /ever in htima'i 
V olunteers In the second «encs of ob-/rvvtioas a hernol, lx , iv pt" 
coccus obt lined from the infcctnl foger of a nur-' ■'uff'nn,; /for 
wound scarlet fever v as used for purj) 0 -vir< rf ieo<’TiJalio,» !'i t- 
volunlccrs were inocuhted hy tie lrnu\, , vl ph "y 

wiUi four-dav old cultures of tlie Mrtptococce- n oe/ U' t /’r' 
of the-c individuals remained v itreut ev.d'r^-/- rj u '-rn/a < do,' 
suffered from sore thro it and k-' er varLout si ra i I < f!th ■" r ' 
teer, hov.evtr, who had Iwen ir,oaiI?t<><I /-.ib <//■/></ 

three v calls growth in artificnl /rjy'au'a <a , ty/ , ’ 

mild attack of scarlet fever, b''!3a’'iarf'rt fcj- h , "f 

lion, and charactenred hj -ore tho/it ‘ " 

fever, leiicocv to<-is, a tjqxcal ••as'r avd z',.— : u V ,, " 

began on the b inds ard feel oa tf " tr- %, , - - • v 

the trd of the fourth V eek Tjat '/ ‘ 

of Uic above mentioned orj.ar,.'” rt-w-ae-. -aw. ? v, d 
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tigators (43) by the expenmental production of another instance of 
scarlet fever in an individual proven susceptible by the use of a 
skin test de\dsed by them 

In 1920, Dochez and Bliss while studying the biological reactions of 
Streptococcus scarlatinae, observed in a dog infected subcutaneously 
with living orgamsms, the development of an intense general erythema 
followed later by desquamation Attempts to reproduce this phenom- 
enon in dogs resulted in failure Stevens and Dochez later tned other 
animals, including monkeys without success Failure in these 
instances seemed to be due to our inability to induce a local infec- 
tion because of the low wulence of the organism for the animals 
employed Finally Dochez and Sherman (44) were successful in pro- 
ducing m guinea pigs and young swine a series of manifestations com- 
prising some of the principal phenomena of scarlet fever Successful 
local infection was achieved by mjectmg melted agar subcutaneously 
and infiltrating the mass with hvmg cultures of Streptococcus scar- 
latinae Since it had become increasingly evident that scarlatina 
has a certain resemblance to diphtheria, in that there is a local infec- 
tion in the throat from which the specific toxic substance is distrib- 
uted, we hoped that a similar absorption of toxic material would 
take place from the local area of infected agar This proved to be 
the case and guinea pigs and smne treated in the manner descnbed 
developed an erythematous rash, fever, leucocytosis and progressive 
loss of weight From eight to twelve days following infection the 
swme had general scaly desquamation and the guinea pigs shght gen- 
eral desquamation and complete separation of the skin over the pads 
of the feet This phenomenon could not be induced when hemolytic 
streptococci from sources other than scarlet fever were utilized 
Some of the guinea pigs died acutely from the toxic substances 
absorbed from the locally infected area, and after death streptococci 
could not be demonstrated by culture either in the blood or serous 
ca\nties 

The production of experimental scarlet fever in human bemgs 
and in animals by inoculation with Streptococcus scarlatinae had 
by this time made it increasingly likely that this organism is the 
causative agent of the disease The e\ndence in favor of the absorp- 
tion from the area of local infection of a toxic substance which might 
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be responsible for the clinical picture, had again brought into tlic 
foreground the analogy ^^ltll diphtheria 

Inicstigaton, of scarlet fever have for manj years been impressed 
with the similanty of this disease to diphtlicna Bevge (45), as early 
as 1895, suggested that scarlatina is due to a local infection in tlie 
throat with streptococcus and tint the general symptoms of the 
disease are due as in diphthena, to the absorption into the general 
circulation of soluble toxins formed by the infecting microorganism 
at the site of the local disease Gabntcheusky and Ins co-workers, 
in tlicir studies of scarlatimform manifestations which followed im- 
munization of human beings against scarlet fev er by means of v'ac- 
cines of killed cultures of streptococcus scarlatmae, attnbuted these 
reactions to the presence of a toxin in the vacanes They drew at- 
tention to the absence of a vacanc erythema in mdividuals who gave 
a history of having had scarlet fever, and its failure to develop in 
patients dunng Uie penod of convalescence from tins disease 
Much evidence in favor of the cvistence of a soluble circulating 
poison in scarlet icvcr has also come from tlie study of the so called 
Schultz Charlton extinction phenomenon In 1918 Scliultz and 
Charlton (46) discovered that if one injects into the skm of a scarlet 
fever patient with a bright red rash 1 cc of serum from a normal 
jicrson, or from a patient conv'aicscent from scarlet fever, there 
appears after a time at the site of the injection a charactenstic change 
This cliangc begins after about six hours and consists in a complete 
blandiing of Uie rash over .in area of from one-half inch to a few 
mehes m diameter In the affected area the swollen follidcs, which 
are a feature of many rashes, disapjicar Looked at from a distance 
the margin of the defect in the rash is generally sharjily defined 
The colour ol the blandicd area is that of normal si in and Uie dura- 
tion of the tyiiical phenomenon coincides on the whole wiUi that of 
Uic rash itself On the other hand, serum taken from scarlet fever 
patients dunng the acute stage of the illness invanably gave negative 
results Subsequent investigators abundantly corroborated the ac- 
curaev of the observation of Sdiulu and Clinrlton \s a result of 
these later studies it was established Uiat the scrum of nbout sixty 
per cent of nonnal adults possesses the cap luty to blanch the rash 
in an acme case of scarlet fever, that convalescent fc.arUtin-1 sc-um 



268 


A R DOCHEZ 


gives a positive rash extinction test in from 80 to 100 per cent of 
instances, and tliat the serum during the active stages of scarlet fever 
never manifests blanchmg power The Schultz-Charlton reaction 
was first used as a diagnostic test of scarlet fever, and the capacity 
to extinguish the rash in scarlet fever was believed to be due to a 
normal property of human serum, which is temporarily lost durmg 
the acute stage of scarlet fever and regained during convalescence 
In 1923 Mair (47) published a study of the Schultz-Charlton reac- 
tion in which he confinned in general the observations of previous 
workers but gave tlie phenomenon a much more satisfactory explana- 
tion He had an opportunity of studying the blanching power of 
the serum of a child both before and after an attack of scarlet fever 
and showed that the serum before the attack gave a negative Schultz- 
Charlton test but during convalescence acquired the capacity to 
extinguish an active rash This disproved the previous belief that 
a positive reaction was due to some property of normal human serum 
vhich IS lost dunng the acute stages of scarletfever Healsoshoved 
that the sera of young children who had not had scarlet fever, give 
a negative reaction in a much greater proportion of instances than 
do adult sera and that the reactmty of the sera of newborn infants 
corresponds with that of the mothers 
Mair had been interested for some years in the resemblance of 
scarlet fever to diphtheria As a result of his later work he came to 
believe that the rash and other changes in the skin in scarlet fever 
are due to a scarlatinal toxin which has entered into combination 
ivith the tissue cells Among the affected cells are those contractile 
elements which have been shown to exist even in capillary blood 
vessels, and to the function of which the normal tone of the capil- 
laries IS due The toxin interferes with the function of these cells 
and a loss of tone of the capillaries results m the erythema and exu- 
dative phenomena with which we are famfiiar in the scarlatmal rash 
He supposes that the serum givmg a positive Schultz-Charlton reac- 
tion contains an antitoxin which is able to dislodge and neutralize 
the toxin fixed in the cells, and thus restores tlieir normal fdnction 
over the area injected He adds that the true causal organism when 
discovered should be capable of producing a toxin, and that the im- 
munization of animals to this poison should give rise to an antitoxin 
capable of producing a positive Schultz-Charlton reaction in man 
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We also had been pondenng over the analogy bet'V'een scarlet 
fe\er and diphtheria, and, at the Ume of tlie publication of Mair’s 
obser\ ations, had already produced m horses b\ immunization to 
Streptococcus scarlatinae an antitoxic serum of the type postulated 
by him Struck by the fact that occasionally m guinea pigs inoculated 
for the production of experimental scarlet fever sufficient poison was 
absorbed from the local lesion to kill tlie animals acutely, we deter- 
mined to make use of the method for the production of an antitoxic 
scrum in horses Masses of melted nutnent agar were injected 
bcncatli the skin and then infiltrated with increasing doses of Strepto- 
coccus scarlatinae The ammals experienced a general reaction and 
some of tliem curiously enough showed loss of hair and extensive 
general desquamation After nine months immunization tlie first 
animal w as bled and his scrum tested bv Blal e and Trask and Lyncli 
(48) for Its correspondence with human convalescent scarlatinal 
serum When injected intracutancouslv m a patient with a bright 
rash in tlie acute stage of scarlet fever this serum caused a complete 
extinction of the rash ov er in area five to ten centimeters m diameter 
The blanching appeared m from six to twelve hours folloi mg injec- 
tion of tile serum and persisted throughout the course of the disease 
4s a rule the diaractcnstic pigmentation and desquamation were 
absent during convalescence over the blanched area Antisera 
prepared from otlier hemolytic slnptococa and from Streptococcus 
scarlatinae injected inlravcnouslv into animals, failed to induce 
blanching of tlie rasli rurthemiorc, scarlatimfomi rashes in such 
conditions as erysipelas measles, and other exantliematic diseases, 
were not influenced by the inlrncutaneous mjccUon of the scarlatinal 
antitoxin Injection of a sufficient quantity of the serum intra- 
muscularly in a j) itient in the cxanihcmalous stage of scarlet fever 
causes a complete fading of the rash over the whole body in from 
twelve to twenty -four hours 

Blake and Trask fl9) havi demonstrated that lliere is present 
in tlie circulating blood and m Uic urine during the acute stage of 
starlet fever a toxic substance which causes an crvthcmalous reaction 
when injected fntraeutaneously m individuals whose Wood scrum 
gives a negative rash extinction test 'Ilus substance appears to 
be identical with the culture toxin of the Diels and circulates in tl'c 
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blood for several days When patients with scarlet fever having 
easily demonstrable amounts of this poison in the blood are injected 
with scarlatinal antitoxin, the circulating toxin is rapidly neutralized, 
a single dose of forty cubic centimeters causing its complete disap- 
pearance throughout the remaming course of the disease The anti- 
toxin quickly predominates m the blood and the treated patients’ 
serum acquires the capacity to induce a positive Schultz-Charlton 
extinction test, a property that does not develop m untreated patients 
until late convalescence The other toxic mamfestations of the 
diseases are likewise favorably influenced An immune horse serum, 
therefore, prepared in the manner described, seems to contain a 
potent antitoxin and behaves in every way in a manner siimlar to 
human convalescent scarlet fever serum 
The further studies of Dick and Dick (50) demonstrating the 
presence of a toxic substance in filtrates from blood broth cultures of 
Streptococcus scarlatmae have brought to light a number of new and 
important facts which develop still further the analogy between 
scarlet fever and diphtheria The toxic filtrate was obtained by 
these authors from a strain of streptococcus with which they had 
produced experimental scarlet fever in man When individuals who 
give a negative history for scarlet fever are injected intracutaneously 
with small amounts of this toxin, within about six hours there appears 
at the site of inoculation a smaU arcular area of erythema, which 
increases in size and intensity of color for from eighteen to thirty- 
six hours Frequently the local reaction is accompamed by swellmg 
of the skin When a senes of normal persons who have not had 
scarlet fever are injected with this substance, 41 6 per cent of these 
show a positive erythema reaction in the skin, a mamfestation re- 
sembling the Schick test for susceptibflity to diphtheria The re- 
mainder who give a negative reaction are considered to be immune, 
because of tlie probable presence of circulatmg antitoxin in the 
blood, just as in tlie case of diphtheria In addition, patients who 
are recovering from scarlet fever when tested intracutaneously with 
this substance, give but a very faintly positive or uniformly negative 
skm reaction A similar condition of affairs is found to exist among 
those who have had scarlet fever at some earlier period of life If in- 
dividuals who have been proven susceptible to scarlet fever by means 
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of the Dick test, are injected subcutaneoiLsly witli larger amounts of 
tlie toxin, they cxlubit certain of the toMc manifestations of the dis- 
ease, such as nausea and \omiting, fever and an erytliematous rash 
^Vhen toxic filtrate is mixed i» vilro vnth a small amount of convales- 
cent scarlet fexer serum, its capacity to produce a positive skin 
reaction is completely neutralized Neutralization of the reaction 
was also obtained in ciro by the injection into susceptible human 
beings of larger quantities of convalescent serum hfore recent 
studies of the Dicks (51) have shown that individuals who react 
positively in the skin, can be immunized bj repeated doses of tlie 
toxin, so that within a relatively short period of bmc the skin reac- 
tion becomes negativ'c and there is some evndencc to support the 
belief that such individuals may be immune to the disease scarlet 
fever 

Zingher (52) in an c-xtensivc study has confirmed the observations 
of the Dicks and extended them somewhat He has showm tliat the 
Dick reaction is positive in the early stages of scarlet fever in most 
instances, and that it becomes incrcasmgly negative as the disease 
progresses through convalescence He has, furthermore, drawn a 
very close analogy between the data obtained from die Schick test 
in diphthena and those obtained from tlie Dick test in scarlet fever 
In general, susceptibility to the latter reaction is greater in child- 
hood and diminishes m adult life Tlierc is also an inherited re- 
sistance to tlie toxin in infants whose mothers exhibit a negative 
reaction 

ITiesc studies, tlicreforc, indicate tliat there is present m sterile 
filtrates from cultures of Streptococcus scarlatinae a toxic substance 
whicli bears a specific rchtionship to scarlet fever Ily meins of 
tins substance it is possible to detect susceptibility in persons v ho 
have not suffered from scarlet fever, and furtliermorc to dcmoiislmte 
the development of immunity in patients who are recovenng from an 
attack of the disease This work brings furtlier strong support to 
the belief tint Streptococcus scarlaUnic is the eliologcal agent 
of scarlet fever 

In 1921, Di Cnstiin (53) in Italy, obtimed from tlie blood of 
patients with scarlet fever an anaerobic Gram positive diplococcus 
Other Italian investigators subsequently isolatcel a similar organism 
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from the naso-pharynx, bone marrow, spleen and desquamating 
skin of children with scarlet fever This organism, on further study, 
was found to show specific serological reactions with the serum of 
recovered cases of scarlatina Inoculation of children with living 
cultures of the organism is said to have produced an attenuated 
form of scarlet fever Furthermore, prophylactic inoculation with 
killed cultures prevented the development of scarlet fever among 
a number of children exposed to the disease Unfortunately, we are 
not in a position as yet to determine with any assurance the signifi- 
cance of this orgamsm in scarlet fever, since an opportunity to study 
it bacteriologically has not been afforded 
Have we now reached the end of man’s long struggle to find the 
cause of this interesting and at times formidable and dangerous 
disease? Personally, I think we have Belief that scarlet fever 
may be caused by a protozoan parasite, or by one of the mysterious 
ultramicroscopic viruses, must I think be discarded in view of the 
fact that the evidence brought forward in support of the causative 
relationship of such types of microorganisms to the disease is entirely 
imconvincing On the other hand, can we say with certamty that 
scarlet fever is caused by a type of Streptococcus hemolyticus? 
Certainly a chain of evidence in favor of this orgamsm has been 
patiently and progressively forged which is as strong as that in many 
diseases whose etiology is now accepted without discussion The 
constant association of this orgamsm with tlie primary and secondary 
manifestation of the disease, its specific character, its capacity to 
produce the expenmental disease in man and in animals, the quahty 
of human convalescent scarlet fever serum to neutralize the toxic 
effects of this streptococcus, the capacity of an antistreptococcus 
horse serum antitoxic in nature to counteract the specific toxic 
mamfestations of the disease in man, and finally the isolation from 
Berkefeld filtrates of this streptococcus of a toxic substance which 
bears a specific relationship to immunity in scarlet fever, leaves 
little room to doubt that Streptococcus scarlatmae is the principal 
and probably only etiological agent of scarlet fever 
Let us, therefore, be optimistic and assume that a Just reward 
has come to those many soldiers in the army of science, too numerous 
to be mentioned in so short an exposition, and that another disease 
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has hctn added to those about which tlie essential specific facts are 
known Let us also hope that the methods of pretention and treat- 
ment based on these facU mat prove as successful as the promising 
character oi the prehminao t ork suggests 
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INTRODUCTION 

The following discussion of the theoretical and practical considera- 
tions involved in the measurement of the hydrogen ion concentration 
and its significance m body flmds is intended only as a convement 
outline for those readers whose interests have been clinical rather than 
physiological The electrolytic theory is utilized in its simplest form, 
regardless of the present question of complete and partial dissociabon 
and we use the familiar term hydrogen ion concentration rather than 
the less familiar tliough more accurate term, activity Only at one 
point in the paper have we used the term "a.ctnnty”, namely in refer- 
ring to the Donnan equihbrium In this instance it seems to us of 
espeaal importance to keep in mind the distinction between thermo- 
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esses of digestion, respiration and ewetion arc all to a great extent 
concerned with substances which m solution dissociate into electro- 
lytes Of immediate interest to this discussion are the acidic and basic 
substances whicli are present in the body fluids 
Two points are of especial importance (1) that this reaction is i 
rcrcrsiblc one and that the undissocnted molecules arc in continual 
equilibrium with the ions, and (2) the ions as well as the undisso- 
aated molecules for the purposes of this discussion may be assumed, 
in the concentration met with in blood, to obc\ the law of mass 
action 

Afeasure of aetdtiy in solutions 

In mcasunng the ilkalmity or the aciditi of any solution two 
factors must be considered, the qiianlitv of the acidic or basic sub- 
stance and tlic tnlaistly of tlie degree of acidity or alkalinity 1 he 
quantity factor is expre-ssed m terms of the concentration of Uie 
substance in chemical terminologa as the norm iht\ or the number of 
gram equivalents per liter 

The iniciistiv factor, the degree of acidity or alkalinity oittn 
referred to as the reaction of the solution, depends upon the H"* and 
0H“ ion conccntr.ition and is c pressed usually in terms of the 
normality of hydrogen tons 

A most important property of aquexius solutions is th it the con- 
centrations of U'*’ and OH' ions are related to each oflier thus 

IHM X lOlti - K,. (2) 

where for anv given temperature K. is a ronsLanl and when (II+J 
increases 10H~] decrease's and mcc at rsi, so that it is iiossibh it any 
one temperature to express both nadity and ilkahnity in terms of 
either ion It is usual to use the [11+) for this purpose and to speak 
of the hadrogen ion ronccnlration of the solution Throughout this 
paper aac will use a brad- tied chemical symbol to indicate the mn 
ccntritirm (oractiaiiy) of a substance m solution 
The relation between the intensity and the quantity factor of 
aadita IS analogous to the rclaUon between the intensity and quantity 
factors m tlcetncal intrga ricclromotne loree is the intensity 
factor a Inch dctcrmiiu-' aahctlicror not current flov s and the quantity 
factor, ampere, is the m-asurc of the total amount of turrent This 
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relation may also be compared to differences between temperature 
and calories, or to the older analogy between the pressure of water, 
due to the height of the reservoir, and the content of the reservoir 
Another interestmg companson between the mtensity factors 
[H+] and t'’ is that the zone of [H+] compatible with life is as small 
compared to known [H+] concentrations as is the zone of temperature 
compatible with life to knovm temperatures 
In biological solutions the normahty of [H+J is so small that the 
fractional values are difficult to msuahze Furthermore, in deter- 
mining and plotting [H+] values it is often convement to use log- 
arithms Soerensen (1909) therefore introduced the term pH as a 
convement symbol for a measure of [H+] concentration, defined as 
follows 


pH = log 



The relation of pH to [H"^] is most clearly shown by examples 
An N/10 HCl solution, assuming it to be completely dissociated into 
H+ and Cl“ ions, will also be tenth normal with respect to hydrogen 
ions, or 

[H+] = 1/10 N = 0 1 N = 1 X 10-1 N 


or 


Its pH = 1 0 

In like manner the hydrogen ion concentration of a serum may be 
expressed thus 

H+ = 0 000,000,032 N = ^N = 0 32NX lO'i N = -^N = lO'’’ 

101^ 10’ s 


or 

Its pH = 75 

In using pH it is necessary to remember that change of 1 pH umt 
indicates a 10-fold change in H+ concentration, that increase in pH 
means decrease m [H+] and that pH 7 0 at 20° and 6 8 at 38° represent 
neutrality Thus a decrease of pH from 7 4 to 6 4 means that the 
H+ concentration has become 10 tunes greater, and that at either 20° 
or 38° the solution instead of being shghtly alkahne, has become 
slightly acid 
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Rchlion hchLCCH [Z7''] and gram cqmvalait ttonnahly of actd 
concentration 

Since [H+] is the measure ot the intensity factor, and titration of 
the quantity factor, it follows that for anv solution tlie difference 
between these two measurements is dependent upon tlie degree of 
dissociation 'With an almost complctelv dissocnted acid, as tenth or 
hundredth normal HCl solution, the two mcTSurcmcnts expressed in 
normalities agree but in the case of many aads is carbonic phos 
phone, acetic, etc the dissoaation is low and the [11+] normality is 
therefore only a small fraction of the gram equivalent normality of 
total acid concentration 

In such solutions therefore tlie titration values give no indication 
of the actual [11+] concentration of the solution 

Relation of [/!+] to buffer effect 

Let us now compare the effect ot adding strong aad to solutions 
of salts of stronglj and weaU\ dissociated aads If we add 1 cc 
of N'/IO HCl to (1) a liter portion of 0 15 N sodium chlondc 
(physiological salmc) and (2) to a liter portion of 0 15 M sodium 
phosphate solutions both at neutrality (pH = 7), the resulting pH 
of the NaCl solution will become about 4, a 1000 fold increase in 
acidity, while the pH of the phosphate solution will be practically 
unchanged The importance m biolog> of substances, whose solutions 
show comparatively small changa'>in[H+]with large adfbtion of aad or 
alkali was pointed out by L J Henderson (1908) and to them Soeren- 
sen (1909) gave Uic name “buffer” substances 

The hydrogen ion concentration of body fluids in general and of the 
blood in particular is kept within rather narrow Imnls by means, in 
large meisure, of such buffer systems In the blood Uie systems arc 
in order of importance, hemoglobin acid and its salt, carbonic acid 
and all ih carbonate, serum proteins and their salts, and monobisic 
and dibasic pbosplnle In this rbscussion the proteins including 
hemoglobin will be considered to be dissoaated as weak aads (see 
Loch, 1922) Tlic(H+]of a mixture of a wc,ik acid with its salts may 
be calcubteel bv Uic equation 
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Thus for serum 

rxT+1 _ .. ^ [BH5PO4] ^ [H protein] 

^ ^ ' [BHCO3] " [B5HPO.] " ^ [B protein] 


(4) 


where Ki Ka Ka represents the dissociation constants for the mdi- 
viduaJ systems and B represents sodium or potassium 
L J Henderson (1908) first showed that the carbonate and phos- 
phate eqmhbna of this equation are applicable to the blood system 
In 1916, Hasselbalch used the equation in the logarithmic form and 
gave values for pK' in the following equation 


pH = log^^plogj 


[HiCOj 
iBHCOj/ 


:V 


log/K' 


, [BHCOA _ 


[HsCOj j 


= pK' 4- log 


[BHCOs] 

[H2CO5] 


( 5 ) 


Several relations, of especial importance m blood may be deduced 
from the above equations First, foi a given [H+] the ratios of add 
and salt components to each other are fixed for every system 
Secondly, if the ratio for any one system can be determined and if the 
K values are known the value of [H+j as well as of all the other ratios 
can be calculated This fact is the basis for the calculation of pH or 
of PCO2 or [H2CO3] when one of these and total [CO2] are known 
A third fact is e\ddent from (4) that [H+] is not dependent upon 
the concentration of the buffer substance but upon the ratio of con- 
centration of its two components This is discussed more fully under 
“Alkali reserve ” 

T/ic acid base balance of the blood 

The reaction of the blood is maintained within narrow hmits by a 
remarkable adjustment to varymg conditions The daily metabohsm 
involves the mgestion of varjmg quantities of acid and basic salts, 
the production m metabohsm of tremendous quantities of acids and 
bases, espaally H2CO3 and NH3 and the neutralization and excretion 
of these products The physiological and chemical mechanisms of 
these processes have been reviewed thoroughly recently by L J 
Henderson (1921), Van Slyke (1921a, 1921b), Barcroft et al (1922) 
and Wilson (1923) so that we need only refer bnefly to factors which 
are of importance in abnormal conditions 
Under normal conditions the reaction of the blood is stabihzed 
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through three mam processes m addition to the effects of its buffer 
excretion of tlic non \olitile acids and bases through the kidne>, 
change in the base binding properties of hemoglobin \Mth oxjgen-ilion 
and reduction, and excretion of carbon dioxide through the lungs 
The first jiroccss is slow compared with the almost instantaneous 
adjustments secured b> the last two 

The amounts of CO. fonned in the tissue and transmitted to the 
circulating fluid is so great that if onlj the buffer action of tlie blood’s 
buffer systems were axailable the resulting reaction would pass 
beyond Uic limiLs of acidity compatible w ith life How ever, oxj'hemo- 
giobin IS a stronger aad than reduced Hb so tliat as Hb is rexlueed, 
which occurs coincidentl) with increase of CO., some of the base B 
bound wiUi it as BHbO. nn> combine with H.CO This process is 
re\ ersed in the lungs, thus 

ti .UC liHl'O ^ HiCOi — niico, a- Hill) + 0 l6) 

1 iiiij unco, t- mn, + o — uiibo + h co, (7) 

Ii> such a mechanism the ratio of is kept approximatelj 

const int (within 0 03 pH) and at the same time the transfer of oxjgen 
IS aided That each of these proee-sses facilitates the other was 
pointed out bj L J Henderson (1021) 

1 rom the mow point of icid base bakuiee it is important that .i 
certain amount of ba>c is in i labile condition and ran be exchanged 
between COj and Hb in rcspiritioii 
In the Strum this interchange ni i> t ike place directh , but since 
neither sodium nor potassium diffuses, through the cell wall to am 
apprifiabie extent in this exchange, the exchange between cells md 
scram must b( indirect It is acexmijihsheal b\ the tniisfer of Cl~ 
Old H*^ ions between cell fluid and semm fluid 'Ihus 

«U 

KU d Hill) d O, KJlhO, ~ IICI as HCl -L NMtCO, 1= NsO + IfiCO, (K) 
AIL a! I rf^'r r 

Ihc iniiw'lancL of the sa lem m 'Ln.,ng es the tirst hnc 

of defenet agiiiist dinomd .'tub in', in the tase with which excels 
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H2CO3 may be excreted through the lungs As has been pointed out 

rTT^CO 1 

in discussing equation (5) the concentration of the system ] 

may be changed so long as the ratio is constant, without change in pH 
Thus whenever base is needed for neutralization of a stronger aad HX 
it can be furnished by the BHCO3 

BHCO 3 + HX = BX + HsCOs (9) 

and the freed H2CO3 can be removed by increased respiration Excess 
of alkali may be met by the reverse process of decreased CO 2 ehmina- 
tion The BHCO3 concentration m normal venous blood is main- 
tained at between 45 and 60 vols per cent of CO2 The base of this 
BHCO3 constitutes the alkah reserve against abnormal acid The 
determination of the [CO2] of blood therefore serves as the most con- 
vement means of measunng this alkah reserve Since the amount of 
total CO2 thus bound is dependent upon the pC02, Van Slyke and 
Cullen (1917a) used the CO2 capacity (the total CO2 content after 
exposure to normal PCO 2 ) as the measure of the alkah reserve More 
recently Van Slyke (1921b) and the present authors have expressed 
the alkah reser\^e as tlie BHCO3 content at constant pH 

CO2 absorption ciirocs 

The mfluence of the total buffer systems of blood is most clearly 
shown graphically by CO 2 absorption curves Two t 3 q)es of curves 
are generally used One is with [BHCO 3 ] or total [CO 2 ] as the ordmate 
and pCOo as abscissae Such a curve, first used by Bohr was em- 
ployed m a very convenient graph by Haggard and Henderson (1919) 
gi\’ing both pH and [H 2 CO 3 ] values in addition 
In such a graph the difference m [BHCO 3 ] with change m CO 2 
tension is the measure of tlie buffer exchange of base with change in pH 
For man}’' purposes a graph using [BHCO 3 ] and pH as coordinates 
is preferable Such a diagram is that shown in figure 5 which is 
adopted from Van Slyke’s (1921b) chart We have added to Van 
Slyke’s diagram hnes indicating CO 2 tension (Cullen and Jonas, 1923) 
These curves indicate at once various conditions possible in the 
blood aad base system Henderson, Bock, Field and Stoddard 
(1924) have recently given examples of many possible combinations 
of curves useful in studying the blood electrolyte equihbrium 
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hijliiciicc of sails and proteins on the acid base cquiltbniiin 

The salt systems consUtuUng the bufier systems in the blood com- 
pose only one-fifth of Uie total salt concentration of the serum or 
blood the total salt concentration of normal serum is eqmaalent to 
a NaCl solution of from 0 79 to 0 81 per cent (0 13 to 0 14 N) The 
lariation in neutral salt content in the scrum and tissue flmds is 
probably not enough to materially affect the pH of the fluids through 
change in the salt effect upon dissoaation t^anation in tliL content 
of the proteins alters the buffer content of the blood but not sig- 
nificanlK the a'anous dissoaation constants 
Honettr changes in total salt and protein concentration in serum 
and cell fluid cause shifts m the distribution of the ions, Uirough the 
change in water content, in osmotic pressure and in the Donnan 
equilibrium 

The Donnan theory of membrane equilibrium states that when two 
solutions a and b, separated by a serm-pcrmeable membrane, contain 
botli diffusible and non diffusible ions, the diffusible ions distnbute 
themselves thus 

^2 [2l!? [“Ih 

[\lb“|V]b“lnla“lD]a 

Where A anil A' represent any two species of univalent anions and 
11 and B' anv two species of umvalcnt cations The brackets here 
indicate the thermodynamic activalies of thu'e ions, the ratios of 
which arc related to but not identical with the ratios of tlieir con- 
centrations, a subject which wall not be further discussed in this re- 
view Applied to the scrum cell system we have 

[ais [ HCX)-,h tn+lc 

Ici-Jc [Hto-,lc “ lH*js 

The combined effect of water shift and Donnan equilibrium has 
been discusser! by Warburg (1922) and by Barcroft et a! (1922) 
More le-ccntly Van Slyke, Wu and McLean (1923) ind Henderson, 
Bock, Field and Adair (1924) have added more dati and discussed 
cxtensiveU the qucaUon of tlectrohte equilibnum ns appliexl to 
blood 


iif'iw.t’tt, vet- J 
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Relation between pB of blood and serum 

Blood is a heterogenous system of serum and cell phases Each 
of these phases, to be stnctly accurate (Warburg, 1922, Van Slyke, Wu 
and McLean, 1923) may be subdivided into protein and water phases, 
but for this review we will consider blood only as divided into serum 
and cell phases. 

Parsons (1917) pointed out that all pH measurements made on 
whole unhemolyzed blood were in reality measurements of pH of 
serum, and that aU the values reported in the literature determined 
by electrometric methods on blood represented the pH of the serum 
of the reduced blood He further showed m association with Barcroft 
and others (1922) that the pH of the serum of completely reduced 
blood IS about 0 05 pH less aad than the serum of the blood com- 
pletely oxygenated at the same CO 2 tension This indicates a serum 
pH difference between ordmary venous and artenal blood of about 
0 02 pH at the same pCOj 

Whenever the term “pH of blood” is used it must be understood to 
mean the pH of the blood serum 

pH of blood cell 

The blood cells are more acid than is the serum (Warburg, 1922, 
Van Slyke, Wu and McLean, 1923, Henderson el al , 1924) by from 
0 08 to 0 14 pH at normal serum pH 

Little is known of the actual change m reaction of the blood cells 
but it exerts an influence on electrolyte and water distnbution between 
cells and serum With change m anion (Cl~ and HCO'a) and H'^ 
concentration, water is shifted between cells and serum thus changing 
the cell volume 

Relation between [BHCO^ of blood and serum 

The [BHCO3] of serum is higher than that of the cells and therefore 
higher than the [BHCO3] of whole blood The determmations of 
total [CO2] can be made on either whole blood or serum The relation- 
ship between the [CO2] of serum and of whole blood is dependent upon 
the pH of tlie serum and upon the cell volume In considering the 
relation between [BHCO3] of serum and cells it must be remembered 
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that Na and K jons under ordinary conditions do not diffuse between 
cells and scrum Ihc shift of base with change in oxygenation and 
reduction of hemoglobin in the cel! results fsee equation (8) ) in a 
migration of Cl”, HCO"! and H+ through the cell wall and in the serum 
an exchange of base between Cl” and HCOy This changes the 
rclatixc osmotic concentration in cells and serum and involves a water 
shift between scrum and cells The relationship between serum and 
v.liole blood {BIICOj] has been studied ind review wl recently by 
Warburg (1922), by' Peters and his assoaates (1923, 192 1) and by Van 
Sly he, McLean and Wu (1923) 

Another relationship that is of interest is that between total [CO ], 
the value actually detennined by CO analysis, and [BHCOj] The 
difference between these two quantities is commonly written as 
[II COj] in solution and can be calculated if either pCO* or pH is 
known Tlus relation is discussed later 

\t normal pll of 7 3 to 7 4 the [BHCOj] represents about 95 per cent 
of the total [CO«] 

In studying vanation in the aad base equilibrium for clinic il and 
physiological purposes, it is most accurate and convenient to use 
plasm i or scrum for both pH .md [COj] since the influence of any 
changing cell volume is eliminated 

pll of scrum or plasma 

Tor most studies of acid base balance, plasma from 0 3 per cent 
oxalatcd blood, and scrum miy be considered interchangeable, 
although, as pointed out bv \\arburg (1922) excessive amounts of 
oxalate shift tlie elcrtralvtc bcti cen cell and serum and Hooper, 
Smith, Bell and M hippie (1920) demonstrated significant changes 
in cell volume insing from drv ovalate useel as an anticoagulant 
However, plasma is perhaps prcferible for eolorimctnc determina- 
tions (ste Methods) 

Regulation of pll of h^ooJ 

riic manner in which rcspirition, bv incrca'C or decrease of C 0 
tension serve* as a mtchanisin bv which the rt iction of the blood nnv 
lie maintain'sl vilhm its normil range, is ouihmd above in the dis 
custioii of the buffer svstem The nervous eontro! of this r!Kcl! 3 Ui‘i'’i 
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IS located in a respiratory center of the brain For many years it was 
thought that the CO 2 tension was the sole chemical factor that con- 
trolled respiration, then with knowledge of the constancy of the pH 
of the blood, and following the experiments of Hasselbalch and 
Lundsgaard (1912) it was generally accepted that it is the pH of the 
blood, which acting upon the respiratory center controls respiration 
More recently a different point of view has come to be held (Scott, 
1918, Jacobs, 1920, Gesell, 1923, Cullen, Austm et al , 1923, CuUen 
and Jonas, 1923, Van Slyke, Hastmgs, Murray and Davies, 1924) 
The last mentioned workers conclude 

“that when there spiratory mechanism is normal increase m alkaline re- 
serve IS only partially compensated by mcrease in CO 2 tension so that in- 
crease in pH also occurs In the same w'ay decrease in alkaline reserve is 
accompanied by decrease in pH There is a decrease m CO 2 tension but not 
sufficient to prevent pH change The usual percentage change in hydrion 
concentration is about twice that m CO 2 tension The arterial CO 2 tension 
is kept normally between 35 to 45 mm , which is a much narrower range 
than would be necessitated for the mamtenance of normal pH The 
conception of the CO 2 tension as a factor physiologically important only 
from its relationship to blood pH is not consistent with these facts When 
conditions force the orgamsm to choose between change in CO 2 tension and 
change in pH it tends to compromise between the two, and acts in a manner 
to indicate that maintenance of normal CO 2 tension is in itself an important 
factor ” 

Possibly it is the reaction of the respiratory center as distinct from 
that of the blood, which is the important factor in control In addi- 
tion disturbances in the nervous mechanism may change the response 
to cheimcal stimulation (J S Haldane, 1922) The normal phy- 
siological variation in serum between artenal and venous blood 
during respiration amoimts to about 0 04 pH and about 7 mm of 
pCOo (see charts No 116 and No 119 of Henderson ef al (1924) ) 

DETERIIINATION OE PH 

The methods which have been used in studjnng pH of blood may be 
divided into tliree general groups The first group includes the electro- 
metnc methods winch are based upon measurement of an electrometric 
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potcnln.1 ^\hlch is proportional to the H+ concentration. The “gas 
chain” or “Indrogen electrode” and the “quinhydron” mctliodb 
belong to this group 

The second group includes the indirect metliod of calculating pH 
either from measurement of buffer rabo or after Uic method of Bar- 
cioSt (1914) from change in the constant of Hill’s cquaUon for the 
cqiulibnum betneen oxygenated and reduced hemoglobin and the 
oxygen tension 

The third group compnses tlie colonmetnc or indicator methods 
ivhich utilire indicators nhose solutions gi\e color effects dependent 
upon tlie pH 

The pnnciplc of these methods arc rcxicned fully m Clark’s fl920) 
book 

The methods nliich have been of most value for mvcsbgabon of 
blood pH arc desenbed briefly 

Ekctromcinc Hydrogen electrode 

The method which has served as the reference metliod for all pH 
measurements is the hydrogen electrode or "gas cliam” method which 
IS based upon the fact that in a suitable cell the (hffcrencc of potential 
between a metal electrode and a solution of its ions is proporUonal to 
the ion concentrabon (or in the newer tcrminolog> to the ion acbxaty) 
Hxdtogcn gas, when absorbed by a platinum black electrode acts as a 
hjdrogcn electrode This method x\as usetl by llasselbalch and 
Lundsgiard (1912) in establishing the first exact xxalue of the pll of 
blood I’arsons (1917) showed that the ekctromcinc determinabon 
of pH of rctiuced whole blood rtallv measures the pH of the serum of 
rceluced blood Because of ticlinical difficulties due to the presence 
of oxjgcn from the hemoglobin it is more accurate ind convenient to 
UhC scnim or plasma than blood With the ledinic now available an 
accuracj of 0 01 pH maj be obtained (Donegan and Parsons (1919), 
Warburg (1922), Cullen (1922)) Although it is the method of 
ultimate reference, cKctiomctnc pH dclcnnmibon requires so much 
matcnal, time, ,ind exptnenee that ordinanlv it is to be usctl only in 
physiological studies It is of mtercat, however, that Cullen and 
Bulman imd that with proper precautions, the qumh) drone electrode 
can be usetl with very small quantibcs of serum, alUiough it tan not 
be VLsed with whole blood 
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Reference standatdfor pH deiermmation 

All hydrogen ion concentrations are referred to a h 3 rpothetical 
“normal hydrogen electrode” It is necessary to base the actual 
determination upon some reproducible standard of reference. The 
recent development m the knowledge of electrolytic dissoaation and 
the use of the activity coefficient for hydrogen ion activity has led to 
some confusion The reference standard is relatively unimportant in 
any investigation where only changes of pH are being studied, but 
becomes of importance when comparmg results from different labora- 
tories on such questions as normal pH of blood 
As pointed out later the relation between the pH at different tem- 
peratures is also confused in this question of reference standard 
Clark (1920) and Soerensen and Linderstroem-Lang (1924) have 
agreed that all biological hydrogen ion concentrations shall be re- 
ported by them in terms of tlie older pH values based on conductivity 
instead of the newer pH activity values 

They also agree that the standard of reference shall be the N/10 
calomel cell to which they have assigned definite values at various 
temperatures The present authors prefer to standardize their pH 
determinations against a reproducible standard acid solution either 
N/10 HCl or N/lOO HCl in N/10 KCl, and to assume no change in 
pH of this standard solution with change m temperature (see Cullen, 
Keeler and Robinson (1925)) 

With the latter standardization, Soerensen’s phosphate standards 
have his values at 18° and are 0 03 pH less at 38°, i e , a phosphate 
solution which is 7 40 at 20° is 7 37 at 38°. The pK' values for serum 
based on this system and usmg Bohr's a values are 6 18 at 20° and 6 10 
at 38°, giving a temperature difference m agreement with other workers 
using the N/10 calomel cell standard 

Calculation of pH from BHCOz content and COz tension 

This method using equation 5 requires determination of total QOi 
content, and of CO 2 tension The total [CO 2 ] is determined most 
easily and accurately by Van Styke’s CO 2 apparatus (Van Slyke and 
Nefil, 1924) and the PCO 2 may be determined either by alveolar CO 2 
determination (when tlie subject can cooperate) or from the CO 2 
absorption curve For the latter purpose the total CO 2 content is 
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detennined on one portion of the blood or serum as drawn, and other 
portions arc equilibrated with 1 now-n CO. tensions at two or more 
points Analysis of total CO- of these eqmhbrated samples gives 
data for the CO. absorption curve Peters, Bulger and Etsenman 
(1921) ha\e recently proposed the construction of the curie from one 
point (sec our equations (16) and (17)) Tlie interesccUon of thus 
curi'c witli the CO. content of tlie ongmal blood or serum gives the 
COj tension (pCO.) as drawn If v enous blood is used it is necessarv 
to correct the total [CO ] for the change m [BHCOJ with change in 
oxygenation of hemoglobin (see equation (18)) 

This method, whicli has been extensively used requires appropnate 
pK' values for blood and for plasma or serum The pK' values for 
serum have been recently redetermined for serum, for avancty of 
clinical conditions (Cullen, Keeler and Robinson, 1925) The value 
of 0 10 at 38° and 0 18 at 20° arc reliable for serum and plasma (see 
also Warburg (1922) for review of previous work) 

The difference between pK',„„K and pK'wooa used to calculate tlie 
pll of scrum since the pCO. is Uic same, must he dependent entirely 
upon the dinTercnt solubility of CO* in whole blood and scrum and upon 
tlie difference in [BIICOj] This relation as pointed out above is 
influenced by cell volume (hemoglobin content) and pll of Oie scrum 
Tins difftrence, pK'„-pK't, has been rcccntlv studied by Warburg 
(1922), by Peters, Bulger and Eiscnman (1924), and by I an Slyl e, 
McLean and Wu (1923) The studies including that of Peters, 
Bulger and Eiscnman on a large senes of human bloods (see equation 
(17)) arc 111 close agrccnicnl vath each other Hastings (quoted by 
Van Slvl c, Wu and McLean, 1923, p 800) has represented the relation 
on a D’Ocagne-IIcndcrson line chart The values for pK', v e give 
m table 1, and for pK'n'pK', in figure o 

The technic wliidi we employ for equilibration to Inown CO 
tension and for calculation of data is summarized in a previous paper 
(Austin cl al , 1922) 

Celonmctnc ddermwaUon oj fill 

Because of us simpliuty and teonoray of ni.itenal and lime tlie 
direct dctennmalion of pH on bloorl plasma is the method oi choire 
for dimeal mvcsUgation llic p'mcipk of the colonmcinc nu ihod 
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involves (1) handling of blood and plasma without loss of CO 2 , (2) 
either elimination of protem error by dialysis or correction for the 
protein error of the mdicator The colorimetric and electrometric 
methods apphed to protem free salt solutions are in perfect agreement 
when suffiaent precautions are used to prevent loss of CO 2 (Cullen 
and Hastmgs, 1922) 

The blood may be dialyzed against neutral saline solution and the 
pH of this dialysate determmed by use of an indicator Levy, 
Rowntree and Marriott (1915) used this method and introduced the 
use of phenolsulphonephthalem (phenol red) ,as mdicator These 
authors did not prevent loss of CO 2 so that their values did not repre- 
sent actual pH Dale and Evans (1920) modified this method by 
preventmg loss of CO 2 Dale and Evans used neutral red and titrated 
a phosphate control to the same color Lindhard introduced a micro- 
modification of Dale’s and Evan’s method 

Cullen (1922) determmed directly the pH of the plasma diluted 
1 20 with sahne and determmed by companson with electrometric 
determmation the total empirical correction for dilution, salt, protein 
and temperature This method has proved convenient for both 
climcal and physiological studies 

Blood IS drawn without stasis or loss of CO 2 mto a tube under paraffin 
oil contaming oxalate to make 0 3 per cent It is centnfuged in a 
stoppered tube completely filled with blood Especial care is taken 
that neither the blood or plasma is ever exposed to air One portion 
of plasma of from 0 2 to 1 cc is transferred to 20 volumes of 0 9 per 
cent NaCl solution containmg phenol red, which is already covered 
witli oil Another portion is added to 0 9 per cent NaCl solution with- 
out mdicator The mdicator NaCl solution is prepared by adding 
1 05 cc of 0 04 per cent phenol red to 100 cc NaCl solution and ad- 
justmg with N/50 NaOH to pH about 7 5 Phosphate standards at 
0 05 pH mtervals are used contaming 0 01 cc of 0 04 per cent phenol 
red per cubic centimeter The second sample of plasma m saline is 
used to supermipose the color of the serum upon that of the standard 
with mdicator The color of the plasma -f- mdicator tube is com- 
pared vuth the combined colors of phosphate + mdicator and diluted 
plasma m a Walpole comparator For human plasma 

pHss" = pHcolor at t° -I- 0 01 (t° - 20°) - 0 23 


( 11 ) 
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WTicre “pHjj” is the pH of the undiluted plasma at 38°, “t°” is the 
temperature (15° to 25°) of the phosphate standards and diluted serum 
when read, “pH„ior” is the pH at 20° of the phosphate standard which 
matches the plasma + mdicator tube 
Hawkins (1923) has found that thcwhole blood can be added directly 
to the sabnc before centnfugmg, thus 0 25 cc + 5 cc saline The 
empincal correction “C” given in equation 11 as —0 23 vanes with 
different species and is apparently not identical in scrum and in 
plasma and is perhaps more vanable in the former The value for 
normal human plasma was found by Cullen (1922) to be —0 23 ± 
0 0-1 'Ihc extent to which tlus correction vanes under pathological 
conditions has not however been adcquatcl> determined Not only 
IS the axerage value for other species different but the mdividual 
xanation in some speaes, such as the dog, is apparently greater than 
in the human Hastings, Nall, Morgan and Bingcr (1924) found the 
average xalue for twelve pneumonia patients to be —0 27 ±0 05 
Recently Hastings and Sendroy (1924) report that rcadmg both 
standard and dduted plasma at 3&° eliminates this correction \V e lii\ e 
found this to be true in some sera but not m all For the present we 
must look upon the magnitude of this correction whetlicr tlic readmg 
be made at 20° or at 38° as open to further mvcstigation Calculation 
of CO] tension maj be made dircctlj when total COj and pH determi- 
nations have been made 


Siimn ary of equations and constants for expressing relations betsLeen 
Certain factors in the acid base equilibrium 


It seems desirable for convenience to gather together at tlus point 
certain relations between factors concerned in the aad base eriuilib- 
rium in the blood and used in the calculation of one from another 
The Ilcndcrsnn-IIassclbalch equation for tlic relation between pH 
of serum or plasma and CO. tension and CO: content of the serum or 
plasma is 


rII, - pK’, tog 

This may also be written 

pir, ~ pK t -r log 


fnnco.l. 
lii.co.l. 

(CO, l . - a.pCO, 
o.pCOi 


( 12 ) 

(IJ) 
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involves (1) handling of blood and plasma without loss of CO 2 , (2) 
either elinunation of protein error by dialysis or correction for the 
protein error of the indicator The colorimetric and electrometric 
methods apphed to protein free salt solutions are in perfect agreement 
when suffiaent precautions are used to prevent loss of COo (Cullen 
and Hastings, 1922) 

The blood may be dialyzed against neutral sahne solution and the 
pH of this dialysate detennmed by use of an indicator Levy, 
Rowntree and Marriott (1915) used this method and introduced the 
use of phenolsulphonephthalein (phenol red) as indicator These 
authors did not prevent loss of CO 2 so that their values did not repre- 
sent actual pH Dale and Evans (1920) modified this method by 
preventing loss of CO 2 Dale and Evans used neutral red and titrated 
a phosphate control to the same color Lindhard introduced a micro- 
modification of Dale’s and Evan’s method 

Cullen (1922) determined directly the pH of the plasma diluted 
1 20 with sahne and detennmed by comparison with electrometric 
determmation the total empincal correction for dilution, salt, protein 
and temperature This method has proved convement for both 
climcal and physiological studies 

Blood is drawn ’without stasis or loss of CO 2 mto a tube under parafiin 
oil contaimng oxalate to make 0 3 per cent It is centnfuged in a 
stoppered tube completely filled with blood Especial care is taken 
that neither the blood or plasma is ever exposed to air One portion 
of plasma of from 0 2 to 1 cc is transferred to 20 volumes of 0 9 per 
cent NaCI solution contaimng phenol red, which is already covered 
TOth oil Another portion is added to 0 9 per cent NaCl solution with- 
out mdicator The mdicator NaCl solution is prepared by adding 
1 05 cc of 0 04 per cent phenol red to 100 cc NaCl solution and ad- 
justing with N/50 NaOH to pH about 7 5 Phosphate standards at 
0 05 pH mtervals are used contaimng 0 01 cc of 0 04 per cent phenol 
red per cubic centimeter The second sample of plasma m sahne is 
used to superimpose the color of the serum upon that of the standard 
vuth indicator The color of the plasma + mdicator tube is com- 
pared with the combined colors of phosphate + indicator and diluted 
plasma m a Walpole comparator For human plasma 

pH 38" = pHcoIor at t” + 0 01 (t° - 20 °) - 0 23 


( 11 ) 
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approximation of the CO. absorption curve for human blood from the 
knowledge of the CO. content at one pCOj 
The level of true serum absorption curve above the blood curve at 
58° has been found by them to be at pCO. = 40 mm 


1C0,1. - (CO,l„ + (001S9 (CO 1,-0 211) h (17) 


Using equations (13), (14), (15) and figure o one can calculate 
[CO],— [CO]b for a given blood at anj COj tension and the result 
may be compared at pCO. = 40 with the value obtained by using 
equation (17) The calculated values for [COj],— [CO ]n differ 
considerablj , which is probablj not surprising when the widely 
different kind of data on which the vanous constants arc based is 
considered The discrepancy emphasizes the need for furtlicr expen- 
mental study of the relation between blood and serum alrcadj pomted 
out by the authors of tliese equations in order to define the applic- 
ability and limitations of the relations expressed in equations (14), 
(IS), (17) and figure o The slope of the true scrum curve may be 
approximated from that of the blood cun’c b> assuming that [CO3], — 
[CO 111 IS tlie same at 30 and 60 mm pCO- as at 40, or by assuming 

that log — loR ^ pCOj = 60 and 0 01 

more at pCO- = 30 than at pCO = 40 The result obtained by 
either method is substantial!) the same and is approximately con- 
sistent with the observed relations Ihc slope of the true scrum 
curve oan also be approximated by equation (16) for whole blood, 
given above 

When the [CO [n and [0 )b of blood as drawn is known and in addi- 
tion the oxjgen capacit) and CO3 absorption curve of Uic blood, 
fully ox>gcnatcd has been determined at bodj temperature in vitro 
and It IS desired to determine the CO absorption curve of tlic blood 
at the state of oxygen saturation as drawn, we may use the formula 
of Doisy, Bnegs, Eaton and Cliambers at anv pH (pH =- X) 


i ro.ln - (C0,L, 
[Oilui — [Oiln 


(IS) 


where [Oiko '=• oxv gen capaaty 

(Ola « oxvgen content in the state of jmtnl uns,uuration 
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For tliis purpose we follow Van Slyke, Wu and McLean (1923) 
using their equation (30) This gives 

QTb = (1 - 0 0067 h) as (15) 

Where h = oxygen capacity in volumes per cent Using equation 
(15) to express the relation between as and a^ we take as values for 
pK's-pK's the graph, figure 6b, from Van Slyke, Wu and McLean 
(1923) These values they pomt out agree mth the data of Peters, 
Bulger and Eisenman (1923) 

By the courtesy of Drs D. D Van Slyke and A B Hastmgs we 
include a revised form of this graph as figure o 

The use of CO 2 content and CO 2 tension of whole blood and equa- 
tion (14) to calculate pHs is open to much more uncertainty in the 
values of the constants of the equation than is the use of CO 2 content 
of serum and equation (13) The latter course is to be preferred 
w'herever possible, this is especially true when blood from different 
species is under study 

In the study of the carbon dioxide absorption curve of blood we 
formerly required a knowledge of the CO 2 content of a given sample 
of blood at three known CO 2 tensions or at three pH values in order 
to plot the CO 2 absorption curve Subsequently, however, it was 
shown by L J Henderson (1921) and Warburg (1922) that with 
changmg pC02, [BHCO 3 ] of blood plasma plotted agamst its pH is 
approximately hnear Barcroft, Bock, Hill, Parsons, Parsons and 
Shoji (1922) showed that imder the same conditions [CO 2 ] plotted 
against [H+] is approximately hnear and Peters, Eisenman and 
Bulger (1923) show^ed that under the same conditions log [CO 2 ] 
plotted agamst log pC02 is Imear Each of these methods make 
possible the determination of the CO 2 absorption curve from a knowl- 
edge of COo content and either pC02 or pH at two CO 2 tensions 
Finally for human blood Peters, Bulger and Eisenman (1924) have 
showm that the slope of log [CO 2 ] against log pC02 can be approximated 
if the oxygen capacit}'^ be known, as follows 

A [CO 2 I = 0 334 h 4- 6 3 (16) 

where “A[C02] 60 - 30 ” is the increase in CO 2 content in volumes 
per cent betw'een pC02 = 30 mm and pC02 == 60 mm , and “h” is 
the oxj’’gen capacity expressed in volumes per cent This permits the 
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approximation of the CO- absorption curve for human blood from the 
!• now ledge of tlie CO- content at one pCO 
'Jhe lex el of true serum absorption curve above the blood curve at 
58' has been found bv them to be at pCO- = 40 mm 

(CO, I. - lCO.1i, + (00159 (CO lo - 0 2S1) h (17) 


Usmg equations (13), (14), (15) and figure o one can calculate 
[CO],— [CO]b for a given blood at any COj tension and the result 
may be compared at pCOi = 40 with tlie value obtained by using 
equation (17) The calculated values for [CO.],— [CO.]b differ 
considerably, which is probably not surpnsmg when the widely' 
different kind of data on which the various constants arc based is 
considered Ihc discrepancy cmphasires the need for further e.xpen- 
mcntal study of tlie relation between blood and scnim already pointed 
out by the authors of these equations in order to define the applic- 
ability and limitations of the relations expressed in equations (14), 
(IS), (17) and figure o The slope of the true scrum curv’c may be 
approximated from tliat of the blood curv e by assummg that [COJ, — 
[CO-]ii is the same at 30 and 60 mm pCOj as at 40, or by assuming 

tliat log — log ® ^ ® 

more at pCO- >= 30 than at pCO- = 40 The result obtained by 
either method is substantially the same and is approximately con- 
sistent with the observed relations The slope of the true serum 
curve can also be approximated by equation (16) for whole blood, 
given above 

When the [CO ][, and [0 ]ii of blood as drawn is 1 nown and in addi- 
tion tlie oxvgcn capacity and COj absorption oirvc of the blood, 
fullv ovygcnatexl has been determined at body temperature in vitro 
and It IS desired to determine the CO: absorption curve of the blood 
at the state of oxvgcn saturation as drawn, we mav use the formula 
of Ooisv , Driggs, llaton and Chambers at anv pH (pH ■= X) 


[CO,]n - [CO, U> 

lo,l„, - (0.1„ 


» 0-M 


(IS) 


vihcrc 10:]«» ■=■ ow gen opvatv 

[Ojii ■= oxygen content in the state of partial unsaturatioa 
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[COo] sat — COa content of blood, at pH = X, when saturated with 
oxygen 

[COajs = CO 2 content of blood, at pH = X, when at the oxygen 
saturation indicated by [OsJb 

[COj] and [O 2 ] must be expressed in the same umts (volumes per 
cent, mM , etc) The CO 2 absorption curve of the oxygenated blood 
can then be raised at each pH to a level correspondmg to that for 
the state of unsaturation as drawn and the [CCajs as drawn inter- 
polated on this curve to obtain the pH as drawn, whence the pCO* 
can be calculated 

Logarithmic paper ruled as suggested by Peters (1923) with pH 
lines is very useful in plotting CO 2 absorption curves Such a chart 
can be prepared for serum but not to advantage for whole blood since 
for its preparation a constant value for a. is necessary when pCO* 
is used as abscissae and also a constant value for pK', but both as 
and pK^Bvary in different bloods accordmg to the oxygen capacity 

Temperature effect 

In the biological studies thus far made, interest has centered almost 
exclusively upon the cause and effect of changes in [H"^] under con- 
ditions of constant temperature or where at least change m tem- 
perature was not an essential feature of the conditions bemg investi- 
gated This has been of importance, sometimes unrecognized, in 
view of certain limitations in the measurements of [H'] and m xuew of 
the relation between [H'^] and [OH”] 

For electrometric measurement of [H*^] at any given temperature 
a value for [H"^] of some standard solution must as we have already 
pointed out be more or less arbitranly assigned for the temperature in 
question; then at the same temperature the ratio to this of [H+] of 
any other solution ha^dng been measured, its [H~] can be calculated 
with reference to the standard chosen The vanous standards m use 
in this connection we have already discussed 

The direct measurement with the gas cham of an unknown [H+j 
at one temperature against a standard [H”] at another temperature is 
without any physical significance and cannot be interpreted For each 
temperature employed with the gas chain a nevr value for the [H"^] 
of the standard solution or cell must therefore be assumed, or calcu- 
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lated m accordance i\ith some assumpbon, and no one basis for this 
assumption has been generally accepted in biological work The 
rclaUon of pH = 7 40 it 20° to pll = 7 40 at 38° is one, tliereforc, that 
can be stated only when one has defined the standard values emploj cd 
at each temperature 

The difficulty just stated is one of standirdirabon of measurement 
Iherc IS, however, a second factor to be considered in dealing with 
varying temperatures In aqueous soluUon [11+] X [OH~] = K» and 
at any giv en temperature, Iv, is constant At constant temperature 
any increase in aciditj always signifies a proportionate decrease in 
alkihnitj In considenng the biological significance of a change of 
reaction we is a rule make no attempt to distinguish the importance 
of change in [11+] and [OH~] resptclii elv , and at constant tem- 
perature such a distinction is of no great significance since thej arc 
inversely proporUonate 

When we deal witli changing tcmpcriture the situation alters, 
however With change in temperature K, changes With change 
in temperature it would be possible to have simultaneous increase in 
both [II+l and (OH"), change in one no longer implies a reciprocal 
change in the otlicr Under these conditions in considering re iction 
w e hiv c three distinct factors w c maj consider 

(I) (H+1, (2) [OH-], (S) 

(II+l 

When the ratio of [Qjj-j - 1| the condition is b\ defmibon one of 
neutrality 

The values for K,, Uiat is for the product (H+] X [Oil-], it different 
temperatures have been calcuhtcd b\ Lewis and Randall (1923, 
p 487) on the basis of Worminn’s dctcmiinibons of heats of nculrai- 
ization of strong acids and alkalies at vinous temperatures Their 
values have been used in construction of fururc 1, whicli illustrates 
the relationships of |II+1 and [OH-] it varjmg temperatures It 
will be seen from figure 1 tint a serum W’hich at 38° his a pH of 7 10 

has the same ratio of jij and a pH equally remov ed from the neutral 
point IS 1 scrum at 11° v itU i pH of 7 36 

In biolognal studies uniltt conditions of varying tempirature we 
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must determine, therefore, whether the significant factor is [H+l 

[H+] 

or [OH-] or the ratio of and our logarithmic notation will be 

accordingly pH or pOH or 1/2 [pH— pOH], the latter expression 
measurmg the increment of pH to the acid or alkaline side of the 
neutral point at the temperature m question Clark (1920) has pomted 
out that the neutral point although a convenient point of reference is 



pH Against pOH at Varying Temperatures 
The line of neutrahty where pH = pOH at varying temperature 
The shaded area is the normal pH, pOH and temperature range of serum 
The curves show the effect of changmg the temperature of a particular blood and its 
true serum at constant pCOj, at constant BHCOa and at constant total CO2 

not as a rule characterized by any striking change in chemical behavior 
We may, however, expect to find in some reactions the major impor- 
tance attaching to pH and in others to pOH 
In the study of blood acid base equihbrium under conditions of 
varying temperature there are four variables of which the temperature 
coefficient must be taken into account. 
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1 The solubility of COs The solubility of COj m serum isgi\ en in 
table 1 and figure 2 So far as we know equation (15) is apphcable 
at anj temperature under consideration 



(!) fMcnim in equation 

percent) *-a,pCO (m 

usin{:I!ohr*sdata 

(2) I'k' scrum m tqualion 

pH » pK'. + ,og'» - + 

aj>CO* 

u«mj; Bolirna , 

(?) i»\ •• pllatneuinlitv -• pOH at neairality pOH «■ 2pV — pll 
(1) A pU al coniUnt |t)IlCOil, pcmiw cotutru'-lun of COi nb^otplni choc at 
c!anrctl t-mpcmtuir 


2 The \aluc of pK', at aatryiag tcmpcralurcs Ins been reccnllj 
dctcmunctl b> Cullen, Kiekr and Robinson (1<?25) and the result of 
their observations n given in figure 2 The observed change with 
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absorption curves in figure 3 represent the approximate calculated 
change in the true serum from the blood of W C S from the data of 
Stadie and Martin (1924). It will be seen that when the blood tem- 
perature is increased from 38° to 41° and the CO 2 tension is kept con- 
stant the following ensue 


Slight reduction of pH (slight increase of 

Marked reduction of pOH (marked increase of [OH~]) 

Marked decrease in the ratio 
Decreased COj capacity 


MI 

[OH-] 


TABLE 2 

Effect of change in temperature on pH of true serum and separated serum various factors being 

kept constant 


(Calculated from equations (19) and (5)) 











ASStmED COKDmOV 

6 

u 

o 

u 

o 

u 

d 

u 

s 

S 


w 

Q. 

SJ 

log R 


True serum = — 62 (t® constant) 

dpH 


38° 

41° 

41° 

41° 

Initial 

Constant [BHCO3] 
Constant pCOj 
Constant [H2COa] 

vah 

per 

cent 

54 1 
54 4 

51 0 

52 3 

mm 

43 3 
51 2 
43 3 
46 0 

TOls 

per 

cent 

3 07 
3 41 
2 88 
3 07 

TO Is 
per 
cent 

51 0 
51 0 

48 1 

49 2 

1 

: j 

■ 

' > 


-0 060 
-0 012 
-0 030 

1 220 
1 175 
1 223 
1 205 


^ . , dlBHCOal 

Separated serum = — 

dpH 

14 (1 

° constant) 




38° 

Initial 

54 1 

43 3 

3 07 

51 0 

6 100 

7 320 


1 

220 

41° 

Constant [BHCO3I 

54 4 

51 2 

3 41 

51 0 

6 085 

7 260 

-0 060 

1 

175 

41° 

Constant pCOj 

53 0 

43 3 

2 88 

50 1 

6 085 

7 325 

+0 005 

1 

240 

41° 

Constant [HjCOj] 

53 5 

46 0 

3 07 

50 4 

6 085 

0 

0 

-0 020 

1 

215 


Under these conditions fall in pH (increase in [H+]) does not mean 
diminished alkalimty. 

These relations are also shown in figure 1 It will be seen that 
change in temperature at constant pCOz causes little change in pH 
but marked change in pOH On the other hand change in tern- 


















IITOEOGEN ION coset VTRATIO'V Of BLOOU 


303 


perature at constant [COJ or [BHCOa] causes marked change in pll 
and little change in pOH These data permit us to apply out methods 
of calculating to the case of febnle blood or to blood from chilled or 
heated extremities 



Tiir COi An osi no" Crmx<- tos Ti«.r Srsm or tbt Shvt llumo at Tntrr TYu 
TTYxmis Ake Shown 

An laitiil paint is ipjiratnlon 1 ) t IS'oirvraniUn 11 c uthr- njrvrs areind aitd lU 
iwinli winch hsvc (hr ..me pll, iiOH, (COi! and rCOi at I'^cirlial 

point 
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When blood is obtained at a temperature other than 38° and its 
[CO 2 ] determined and in addition its CO 2 absorption curve at 38° 
is determined the following corrections must be mtroduced to deter- 
mme pC02 and pH as drawn 



NoRMAI PLASilA [CO 2 ] AND pH VaLURS 

• ® Cullen and Robinson (1923) 

X \ Marrack and Boone (1923) 

d h Mjcrsand Booher (1924) 

A KoeUer (1923) 

0 C Hastings, Neill, Morgan and Bingcr (1924), [CO^Js \alues raised from 

blood to serum a alues but not corrected from arterial to a enous values 

° ° Chambers and Klcmschimdt (1923) 

mimmmmm Values taken as normal for purposes of this review 
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1 Rclocition of curve for unsaturation (equation (18)) 

2 Relocation of cun c for temperature (equation 19 or A pH at con- 

stant I5HCO, from figure 2) 

3 Use of n, pK', and pX for appropriate temperature (see figure 2) 

When blood is obtained at a temperature other than 38° and its [CO ] 
determined and its pH at 38°, the correction to onginal pH is given bv 
equation 19 This equation is at present an approximation only and 
can therefore be used for constant [CO:l as well as for constant 
[BHCOi] 

^ORMAT pH VVLUES 
pn of normal scrum and plasma 

The range of normal variation in scrum pH was given by Van Slyke 
(1921b) as pH 7 3 to 7 5 Culkn and Robinson (1923) studjang nor 
mal students with the colorimetric mctliod found a vanation front 
7 28 to 7 11 Ml but two, 7 28 and 7 41 fell v itbm the limits 7 40 
to 7 30 

Signood (1923) lut/i anothersencs with the sarnc method conhnns 
this vanation of 7 30 to 7 10 Myers and Booher (1921), using the 
same dilution but reading the determination in Mjers colonmtttr 
found the limits of normal pH to he between 7 35 and 7 43 However, 
Koehler (1923) and Marrack and Boone (1923) found somcv.hat higher 
normal pH values as do Hastings, Neill, Morgan and Binger (1924) 
in arterial blood The values of Chambers and Kleinschmidt (1923) 
are much lower and must represent a different pH standardization 
\Vc liave taken for this rcvacw the normal outline indicated in figure 4 
with pH range from 7 30 to 7 50 

In the observations of Cullen and Robinson Uic zone 7 30 to 7 40 
was found normal not onlv for various individuals but for a single 
indivadual Tliat is, the pU of an> individual might on siicctssivt, 
davs vary between 7 30 and 7 10 

Hruckcr and Cullen h ive developed a technique for taking capillary 
hloexl from the heel of infants or the car of adults williout loss oS 
ff) uting Haw km’s modification of Cullen's nicaiwl for pH and 
cniployuig 0 25 cc of Mood They find the pH of nonnal infants’ 
capillary' MockI to he b.tw cen 7,3 1 .end 7 4 1 ’^mce the capil! iry blood 
lias been shown h> LundM^iard to approximate .irtcnal Moo<l in 
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composition its pH will be about 0 03 more alkaline than venous blood 
The range observed, therefore, is similar to that found by Cullen and 
Robinson for adults 

pE of body fluids other than serum 

As stated by Van Slyke (1921b) our limited knowledge of body fluids 
indicates that extracellular fluids have approximately the same pH as 
serum Parsons and Shearer (1920) report that the pH of cerebro- 
spinal fluid is that of normal plasma pH. Boots and Cullen (1922) 
found m nonpurulent jomt exudate in rheumatic fever pH values of 
7 3 to 7 4 In this laboratory we observed the same pH for edema 
fluid and blood serum 

pE of purulent fluids. Whenever the pH of purulent fluids has been 
measured it has been found more add than the serum In purulent 
joint exudates Boots and Cullen (1922) found pH of 6 40 Lord has 
reported pH of 6 8 to 6 2 in consolidated portions of lungs in lobar 
pneumoma This range has also been observed by Avery and Cullen 
(unpublished) 

Intracellular pE. Little is known of intracellular reaction other 
than that of the red cells which is estimated by Warburg (1922) and 
by Van Slyke, Wu and McLean (1923) for normal serum pH of 7 4 
to be 0 08 to 0 14 pH more acid than serum Probably other intra- 
cellular fluids vary, at least as much from that of serum 

pE of secretions It is mteresting that the cells of the body although 
bathed with fluid of such constancy of pH as serum, can function in 
contact with a very high degree of acidity The pH of gastric juice 
may be less than 2 The pH of urine ranges from 5 0 to 8.5, duodenal 
fluid may have a pH over 8 0 Saliva has a normal pH of 6.7 (Starr, 
1922) 

pH OF PLASMA IN DISEASE 

Abnormal actd base balance 

The terms aadosis and alkalosis, common in clinical usage, are often 
used by different mdividuals to descnbe entirely different conditions 
Because the first recogmtion of abnormal acid base balance came 
through the knowledge that in diabetes abnormal metabolism resulted 
in the excretion of aceto-acetic acid, /3-oxybutyric acid and acetone, 
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the tenn acidosis is often used to dcscnbc ciUier a kctonurn or a 
kctonemia The term “aadosis" has been applied to tlie foHonmg 
conditions, (1) acetone bodies in Uie unne (2) acetone bodies in tlie 
blood, (3) decreased alkali rescrs'c, (4) decreased CO» tension of 
alveolar air, (5) and decreased pH of plasma 

riiis confusion is well recognized in phj siological work and various 
nttempts have been made to establish a more precise terminology' 
Van Slyke (1921b) in his review of abnormal and normal aad base 
balance divided the possible conditions of abnormality into si\ groups 
which are best vasualized from Ins diagram which is uscrl with slight 
relocation of the normal area as the basis of figure 5 
The Report on Aadosis of the British National Research Council, 
proposes the terms aUalosis and aadosis to indicate high and low 
levels of [BHCOj] and alkalemia and acidemia to indicate high and low 
pH Ilasselbalch, Haldane, Van Slyke and the present autJiors (m 
studying the aadosis of anesthesia) have used “true acidosis” to 
mean coincident abnormally low pH and [BHCOj] 

It IS probable, however, that no general iis,igc for the term acidosis 
can be agreed upon and it is therefore better to avoid the term 
wherever possible or else to state tlie exact sense in which it is used 
I or the present it is best to state the conditions of the aad base 
balance in terms of two of its factors, athcr in terms of Van Slyke’s 
nine areas, or perhajis simply as an aad base condition of T 1 and 
SO, indicating pH, >=7 4 and (COj), >= SO volumes per cent Ihc 
term ” \ B C (acid base condition of 7 4 and SO)” might supply tlie 
need for an tasilv li mdled term 'I he nature of the eoordin ites 7 4 
and SO male confusion between them impossible Whatever the 
tennmology, it is evident tint determination of only one of the three 
V ambles pCO,, pll or [CO ] is not sutlicient to determine the acid base 
condition 

The studies of the alkali rc'ervt of the blood m disease arc much 
more numerous than those dealing with direct measurement of tb( pH 
of the plasma Simiilt incous stuihes of COj tension and CO* rtmtent 
of the plasma in de'ease from which the pll c in be c dculateai are alai 
rare 

Accumul ttion of iitids other th in HCOr m the IihxKl with iteidi lion 
of the hlooel bicrrhonate has been de«riil»c»l as a rule ns occurring at 
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first Without change in pH and only after considerable reduction m the 
bicarbonate to be associated with a more acid serum pH Such a 
course of events is approached in the acidosis of fastmg, diabetes and 
nephntis in figure 5 The compensated stage of alkali deficit was 
believed to be brought about through a response of the respirator)'- 
center to an unmeasurably small diminution m pH with consequent 
stimulation of pulmonary ventilation, and consequent diminution in 
pCO" m alveolar air and arterial blood just sufficient to secure an 
almost proportionate reduction of bicarbonate and of COo tension 
with almost constant pH 

Only when the respiratory mechanism fails to function adequately 
and to compensate was change in pH beheved to occur With the 
introduction of Cullen’s (1922) method for direct measurement of the 
pH of serum or plasma as dra-wn and the apphcation of this method to 
disease we are recognizing, however, that fall in plasma bicarbonate 
due to introduction of other acids, is often associated throughout its 
course with rise and fall of pH as mdicated by the numbered arrows in 
figure 5 Evidence for this is to be found in the studies we descnbe 
of acid and alkah admimstration, of anesthesia, of exerase and radia- 
tion This behavior of blood reaction has a bearing upon the studies 
of the regulation of the respiratory center and the relative importance 
of pH and of pCOa in this regulation This has been previously dis- 
cussed 

Excessive introduction of acids 

Many experimental studies have been made upon the effects of acid 
fed by mouth or admimstered intravenously The effect, we have 
observed m the dog, from injecting HCl, H3PO4, NaH 2 P 04 and lactic 
aad is shown m table 3. These mjections were made under local 
anestliesia into the vein (m one case into the heart) using M HCl, 
M/10 H3PO4, M/10 NaHoP 04 and M/1 lactic aad 

The change m pH and [BHCO3] is shown m table 3 The direction 
and magmtude of the change m the acid base eqmhbrium is sho-wn 
by the numbered arrows in figure 5 

The apparently less marked effect of H3PO4 on the [BHCO3] and its 
greater effect on pH is due to the large amount of acid injected leading 
to almost complete disappearance of BHCO3 from the blood The 
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less pronounced effect of NaHiP 04 both on bicarbomtc and pH is to 
be expected The absence of eft eel of lactic acid on pH is, however 

. , lactic aad . ^ 

intcrtsting At the pH oi blood the raUo of lactate 

' takine tlie dissoaation constant of hctic acid as 1 38 X 10** 

3200 

(Landolt-Bumstcin Ith tdibon p 1147) The markedly dimmi'hed 
effect of lactic acid per tnillimolc on the bicarbon itc is compared with 
HCl is therefore not to be expected except as a result of disappearance, 
of the lactic aad as for instance, b\ sj nthcsis to glucose or .is a result 
of its wider distribution in the body fluids as in the case of bicarbonate, 
later descnberl 
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When IlCl IS given bv mouth the charge in plasma bicarbonate and 
pH depends on tlit relative rale of absor]>tion and of compensating 
excretion In the obscn.ition of Gamble and Ross (1923) the .id- 
ininistration to v child of 17 mM per kilo of HC! m 2 da\ s lowereal llm 
plasma bicarbonate 9 niAf and the pH 0 17 Hald me (1923) and 
Gamble and Ross (19211 pointed out that the ingestion of .inilnonium 
dilonde m man c uiscs marl ed and pnilongeil aadosis, iluc pre- 
sumably to conversion ot part ol the amnioni i into tire i, thus freeing 
the acid which had hem comhmed with it 1 he •'cido'is is shown bv 
fall in the plamia COj cap icitj and (all m the alv color pCO. 1 here is 
a nmghlj commensurate increase m the t Uc of acid plus ammo na 
excretion in the urine, the ratio between the mere ise m i u.l and 
increase in ammonia being dtjRiidini up an the phospleitt-. av u'alilr 
for cxcrcbon As aodo is cenfinut, the pin sp! ate excretion nils, 
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and at this time a glucose tolerance test produces greater rises in blood 
sugar The fall in plasma bicarbonate is replaced almost molecule 
for molecule by chloride in Haldane’s studies 

CaCb ingested causes similar change in 'the plasma bicarbonate and 
chlorides as shown by Gamble, Ross and TisdaU (1923) The Ca++ 
is mainly excreted as CaCOa in the feces and the Cl- is absorbed, 
replacmg HCOI and causing true acidosis with low pH and low 
[BHCOal 

Both NH4CI and CaCb are powerful diuretics Haldane produced 
a fall in weight of 7ipounds in three days after 65 grams of NH 4 Ci and 
a rise m hemoglobin of 20 per cent even although he drank water 
freely, and Levy noted a similar increase m serum protein after CaCb 
ingestion During NH4CI ingestion Haldane observed the following 
urinary excretions expressed in percentage of l^he normal values Na 
250 per cent, K 520 per cent, Ca 330 per cent, P 180 per cent The 
diuresis and the salt excretion are attributed by Haldane to the fact 
that the colloids of the body, being brought nearer their isoelectnc 
point by the fall in pH retain less water and base 

The serum Ca has been found by Haldane (1924) to mcrease 10 
per cent following NH4CI mgestion CaCh ingestion can cause an 
increase of 25 per cent in serum Ca Sodium bicarbonate conversely 
lowers the serum Ca 10 to 20 per cent Ammonium chloride has been 
used m the treatment of tetany by Freudenberg and Gyorgy and in 
lead poisoning by Aub and his associates with strikmg effect In 
infantile tetany the symptoms vanish in a few hours and satisfactory 
results have also been obtained in gastric tetany and post operative 
tetany In a senes of infants treated with 0 5 gram per kilo per day 
of ammomum chloride the serum calcium rose from a mean value of 
6 6 mgm per 100 cc to 8 9, the phosphorus falhng from 4 9 mgm 
per 100 cc to 2 9 GoUwitzer-Meier (1924) has reported a fall in 
plasma bicarbonate after intravenous ingestion of MgCh in rabbits 

Excessive introduction of base 

Introduction of base into the body increases the bicarbonate of the 
blood and the pH, Oral bicarbonate administration in human beings 
has been found by Palmer and Van Slyke (1917) to raise the bicarbo- 
nate of the blood according to the assumption that the body contains 
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70 per cent of fluid ind tlie bicarbonate is distributed throughout this 
fluid According to tlus assumption the follow mg equation w as calcu- 

. 3Sg , 

latcd Increase in plasma CO in volumes per cent = g bemg 


grams of sodium bicarbonate administered and W the bodj weight in 
kilos Or tins may be stated that for each mM of bicarbonate admin- 
istered per kilo, the increment in scrum bicarbonate is 1 43 mM Thts 
indicates a much voder distribution of tlie orally administered bi- 
carbonate than of injected IICI or HjPOi in our axpcrmients desenbed 
above In our espenments w ith intras'cnously injected HGl the effect 
IS as if distributed in 1/6 or 1/7 of the body weight instead of in 70 
per cent of the bodj weight The direction of the change in the aad 
base equihbrium follow mg alkali adnumstration is shown m figure 5 


Excessive loss of acid from body 

I OSS of II Cl from the body such as occurs m p\lonc obstruction 
also gives rise to increase m plasma bicarbonate (MacCallum el al 
1920, Hastings, Murray and Murray, 1921, Grant, 1922), alUiough 
in the experimental studies of Hastings, Murray and Mumy tlie nsc 
m bicarbonate was not assocuated vitli anv significant nsc in pH 

Kettal disease 

Since the elimination of acid from tlie bodj is cliicflv by CO eUmma- 
tion through the lungs and b> excretion of other acids as aad phos 
phates and combined with ammonia through the kidnejs, it might be 
expected that impaired renal function would induce aadosis 
Nephritic and other forms of renal disease asxoaatcd wath iminirracnt 
of renal function do a-, a matter of fact give rise to disturbance of acid 
base c<iuilibnum allace and Pelhm (1921) point out, hovever, 
that double neqihrcctomv docs not produce acidosis in animals and 
therefore attribute the aadosis of nephritis to some other factor tlian 
mere impairment of aeid excretion Ltpine (1879) -<06 von Jaksch 
(188S) bj titration of the ash of blood demonstrated i dmnm-he f 
alkihnitv m the blood of urnnics Straub and ^dilavc- (19I2j 
meat Jiv'd llie C O. tension of the alveolar air in eight cases of uremia 
and bund in thepatiinl with highest volur^ 31 to 30 mm pCOj "nd 
m the pauent v ith the low est, 11 to 1 7 mm On the b-L .-5 of this and 
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the hyperpnea of uremics they suggested that aad intoxication is a 
factor in uremia Von Hoesslin (1912) pointed out tlie influence of 
alkah administration in diminishmg the albuminuna and cylmdruna 
in some cases of nephritis and called attention to the difference in 
amount of alkali necessary to change the reaction of the urme in differ- 
ent cases Sellards (1912) introduced the measurement of the amount 
of NaHCOs necessary by mouth to render the urine alkalme as a test 
for the detection of aadosis and found that whereas 5 grams by mouth 
suffices m the normal mdividual, this dose was effective m only one out 
of mne patients with chrome diffuse nephritis and two patients 
tolerated 60 and 130 grams respectively mtravenously and still 
excreted aad urine Palmer and Van Slyke (1917) showed that the 
depletion of the alkah reserve could be better gauged by noting the 
amoimt of alkah that must be administered to cause excretion of a 
less and urine rather than of an alkahne urine 
Peabody (1914, 1915) showed that as chronic diffuse nephritis in- 
creases m severity as measured by impairment of phthalein excretion 
and retention of non-protein mtrogen in the blood there appears at 
first little or no evidence of aadosis, then an increase in Sellard’s tol- 
erance to alkali and finally in advanced cases, verging on uremia, a 
diminution m the alveolar CO 2 tension which m the terminal stages of 
uremia may be very marked He noted there was not a strict parallel- 
ism between the other evidences of impairment in renal function and 
the degree of acidosis but only a general tendency for both to become 
marked in advanced cases The dyspnea of cardiorenal disease also 
was commonly more marked than could be accounted for merely by the 
aadosis Lewis and lus coworkers (1913), and Pahner and Henderson 
(1913) came to substantially these conclusions Chase and Myers 
(1920) using the metliod of Van Slyke and Cullen (1917) for the CO 2 
capacity of the venous plasma similarly demonstrated this acidosis 
Marriott and Howland (1916) demonstrated an increase in the phos- 
phate of the serum in nephritis with lowered CO 2 capacity of the 
plasma and noth decreased plasma pH by the dialysis method of Levy, 
Rowntree and Marriott Greenwald (1915), Feigl (1917a, 1917b), 
Dems and Minot (1920), Salvesen and Linder (1913) have also shown 
retention of acid phosphate in nephritics Means and Rogers (1917) 
reported an extreme acidosis in a man vith bilateral polycystic kid- 
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ncy^ complicated b> a scpUc infection of the hand Tv\o days before 
death he had c\trcme hyperpnea iiith a ventilation of 51 liters ptr 
minute, an ah eolar pCOj (Plcsch) of 6 4 mm , a blood urea of 332 
m^m per 100 cc (55 mM ), a COs capaaty of the plasma of 12 aols 
per cent (5 4 mM), no phtlialcm excretion in three hours, scrum 
phosphorus of 18 mgm per 100 cc (5 8 mM ) serum calcium 3 mgni 
per 100 cc (0 75 mM ) At this time 110 grams NaHCOj by mouth 
failed to render the unne all aline 

If one compares the retention of phosphate iiitli the diminution of 
bicarbonate m the scrum it Mould seem that the acidosis can not 
alM ays be explained simplv bj the phosphate retention howexer In 
Means and Rogers ease m itli a nse of [P] abox e tlie upper normal of 4 3 
mM representing about 8 mcq of base, there is a fall of [BHCOj] 
bcto.x the loMcr normal of 13 inM Some other factor appears to be 
concerned here than merely phosphate retention The data ot 
Salx csen and Linder (1923) show xery little change in the serum bast in 
ncphntics beyond the normal limits xxliich makes it probable that 
aad other than I1C07 is increased 
MacNider (1920) has demonstrated disturbances in the acid base 
equilibrium in experimental nephritis in animals and here the acidosis 
la possibly cxen more conspicuous than in clinical nephritis This 
author and also Kagayama (1920) and others have demonstrated 
improxcmuit in renal function xxhen the disturbance m lad base 
equilibrium is corrected bx all ah therapy and MucNidcr has demon 
strati d a diminished susceplibilitx of the ladncx to in;urx by toxic 
substances xxlien bx alkdi therapy the aadosis is prexented 
While these studies indicate the depletion of all ah resCrxc m 
nephritis, direct studies of the pH of the blood as it exists in xixo such 
as arc furnished by theme thnd of Cullen (1922) are at pre'ent ax nilabk 
in the literature for onlv' a fevx r.ises Cullen and Jonas (192 s) 
iite one i ese of unmia Mith plasma pH 6 7 and [CO] of 1 xoK 
per cent Culkn and Sidlman at ibi Rod efcllcr liikitutc found ,i 
pH of 7 12 x.ith a loM norm,il (CO ] of 51) xols per ci nt in the plasm- 
of a palicail xvith acute conxail-ions and unronsciou' but x'Uhout 
uremia 'Strenuous all ali tlicnpx bmught the pH to 7 >5 ' rd the 
(CO] (o n liigh n.n.ial ind thi patient ttcoxenstl from tlu' rttacl 
riiis e O' 11 a sliikmi' cxnmp'e of the a due til pH stu lies Lin'icr, 
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Hiller and Van Slyke (1925) report 17 observations on 10 patients with 
various types of nephntis One case of nephrosclerosis and one of 
chronic nephrosis showed high normal bicarbonate with normal pH 
In those forms of glomerulonephritis associated with marked retention 
of urea there is a tendency to depression of both bicarbonate and pH, 
the lowest observation being [BHCO 2 ] = 27 8 volumes per cent with 
pH = 7 16 The zone occupied by these cases is shown in figure 5 
Myers and Booher (1924) report 15 cases of nephntis among their 64 
cases of abnormal acid base balance, seven of these with less marked 
depression of [CO 2 ] showed pH within the lower limit of normal (Has- 
selbalch’s and Van Slyke’s compensated acidosis) wliile eight cases 
showed abnormally low pH and more marked depression of [CO 2 ] 
(uncompensated or true acidosis) However, if the observations on 
the 15 cases be plotted as in figure 5, the distinction between the 
compensated and uncompensated groups is seen to be largely an 
artificial one, due to the width of the normal pH zone The evidence 
IS that any lowering of [CO 2 I tends to be associated ivith more acid pH 

Cardiac disease 

In cardiac disease xmcomphcated by impairment of renal function 
Peabody (1914) found no evidence of alteration of pH nor of aadosis 
that could account for the hyperpnea Wilson, Levme and "'^dgar 
(1919) found normal CO 2 capacity of the plasma m cases of “irntable 
heart ” 

Diabetes melliius 

Diabetes mellitus because of the accumulation of abnormal products 
of metabolism has long been the classic example of disturbance of acid 
base balance Of the older hterature m regard to presence of acetone 
bodies there are many reviews The relation of alkali reserve t 
alveolar CO 2 and to titratable alkah was shown by Stillman, Van 
Slyke, Cullen and Fitz (1917). It has long been recogmzed that low 
alveolar CO 2 tension is an mdex of low alkali reserve If the low 
[BHCO 3 ] is accompanied by sufficient decrease in pC02 to prevent 
change in pH, the condition is that of “compensated acidosis ” 
(Hasselbalch, Area 6, Van Slyke) It was also recognized that coma 
of diabetes is associated with a true acidosis in the sense of decreased 
pH and decreased [BHCO 3 ] 
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Before the disco\crj of insulin diabetic coma itos onlj occasionallj 
strikingly bcncfittcd by alkali treatment 

One of the most imprcssu e demonstrations of the action of insulin 
IS afforded bj the changes m the aad base balance in diabetic aadosi*- 
follovnng insulin treatment Chart No 3, p 547, Cullen and Jonas 
(1923) shows this most clearly A patient witli a plasma pH of 6 98 
and [BHCOj) of 16 vols per cent had his plasma restored in one 
day to a normal range wath a plasma pH of 7 32 and [BHCOj] of 41 5 
vols per cent The insulin altered the metabolism so tliat not 
only did further accumulation of aad bodies cease but the acetone 
boches already combined wath the base were oxidized thus freeing the 
base to recombine w ith CO. 

This chart and figure 5 in the present rex icw also show other interest- 
ing facts concerning insulm With excess of insulin the [BHCOil 
and pH tend to become abnormally high Such pH studies in stupor 
from excess of insulin arc xcry few but there arc indications in tlit 
experiments of Cullen and Jonas that it tends to be assoaated with an 
alkalosis (high pH and high COj) 

One of tlicir patients upon breaking his diet immediatclj started 
back toward his initial aadosis but this was casiK checked with 
insulin 

Ir „ I data of Cullen and Jonas a tendency to constancj' of thepCO 
railier than of pH is exhibited by a number of mdixaduals, but not in 
all thur cases 

These results arc in entire agreement v ith those reportcrl timiil 
tancously bj Bock, Field and \dair (1923) and smee b> Mjers and 
Booher (1921) It would appear that insulm treatment alone, without 
all all IS sufTiaent to restore the acid base balance from diabetic aado 

> to a normal state or to one of alkalosis It is also evident that the 
hum in organism can recoxir after reduction of the serum pH to ns 
low a figure as 7 0 

R1 c’lti nticfr-er 

Because of the old thcorv tint tlic joint fluid of rheumatic fev tr wa, 
sufiininth and tobbemte free sahcvhcaad, Boots and Cullen (1922) 
siudiul cUctromctricallj and to!onmctne,allv the pH of the joint 
fluids from such eases Sterile joint liuuK showed a pH approximate!} 
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that of normal blood In a few of these cases the plasma pH was 
determined and found to be within normal limits (unpublished results) 
There is therefore no evidence of a disturbance of the acid base 
equilibrium in rheumatic fever nor of the possibihty of the mechanism 
of salicylate action mentioned above 

Acidosis of children 

Howland’s and Marriott’s (1916) studies indicated that an acidosis 
is associated with the dehydration of infants Mitchell and Jonas, 
(1925) found that although low pH and low [CO 2 ], i e., a true acidosis, 
might be associated with such conditions, such was not invanably 
present Fmther there was no constant relationship between the 
severity of the disease and the acidosis They conclude that the 
acidosis when it occurs is a result of the general derangement and not a 
causative factor in the condition 

Fasting 

Gamble, Ross and Tisdall (1923) have studied the behavior of the 
acid base equihbrium during fasting in four epileptic children, with 
reference to the factors regulating excretion of acid and base. 
Their studies deal also with the changes in alkali reserve of the serum 
but do not furnish data concerning the pH 

Bigwood (1924b) and Geyehn and Bigwood (in press) have studied 
the pH and [COo] of plasma during the fasting treatment for epilepsy 
Koehler (1923) found after fasting 50 hours a mean depression of 5 
vols per cent [CO 2 ] and of 0 02 in pH After 77 hours fastmg the 
mean depression in [CO 2 ] was 8 vols per cent and in pH a fall of 0.10 

Anoxemia 

The influence of anoxemia in inducing acidosis has been a subject 
of much theorizing. Wallace and Pellini (1921) studied a variety of 
toxic substances as to their effect upon the alkali reserve They found 
that uramum, cantharidm, diphtheria toxin, large doses of arsenic, 
sodium nitrite when given in a dose large enough to cause methemo- 
globin formation, and potassium cyanide all produced marked fall in 
the plasma bicarbonate whereas emetin hydrochloride, hydrazin and 
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morphin produced no fall of alkali reser\c The first four substances 
mentioned are capilIaT> poisons An c.Ntrenut> poisoned with diph- 
thena toxin when transfused with normal arterial blood returned the 
venous blood wiUi a lowered alkali rcscrv’c and this led the authors to 
the belief that the aadosis arose from a disturbance of the muscle 
metabolism The greater fall in alkah rc'orxe from the first four 
poisons than folloiving double nephrectomy led them to i_\cludc mere 
impairment of renal exaction as the important factor m the nadosis 
Poisons which like emetin and podophylhn arc selective for the intes- 
tinal capillaries failed to produce any marked acidosis, nor did marl cd 
lucr injury from liydrazm cause aadosis Thej concluded that 
after large doses of sodium nitrite with methemoglobm formation, 
after cyanide which stops tissue oxidation and after the first four 
poisons mentioned above, whicli are genera! capillar>' poisons, the 
acidosis results from mtcrfcrcnce with tissue oxidation and the> 
emphasize the importance of capillary poisons ns a cause of acidosis 

This conclusion with regard to cyanide poisoning is confirmed bv the 
work of Holboell (1921), who found that the alkah reserve and pll are 
reduced in c>amdc poisoning and that the venous blood is returned 
as fully oxygenated as the arterial blood, mdicnting that the mter- 
fercncc v itli ox) gen utilization is in tlic tissues 

fll, laclic acid and Iclonuna 

Davies, Haldane and Kcnn iwa> (1920) hnx c called attention to the 
fact thil when cither from hj-pcr-xcntilalion of tlie lungs and con- 
sequent dccrc.isc in the pCOj, the pH of the blood is increased or 
when from bicarbonate ingestion Uic alkali reserve is increased watli, 
or possibly without, increase in the pH of the blood, there is a tendenej 
for acetone bodies to appear in the unne This ktionuni the 
mccliamsm of which is Jiot clear, but occurring during an aUaloses, 
IS evidence of the iraiKirtance of disUngubhmg belv cen ketonurw and 
the state of the aod base balance in the blood Macleod and his 
co-worlcrs (1917, 1918, 1921) have shown ihst administralon of 
all ah causes an inerease of lactie acid in the blood ind ume, and an 
increase of pljcolj'is in the blood with a. deerf'S" in blood sugar 
conccninhon Anrep and Canaan (192 >1 usmg a Starhng hcirt lung 
preparation and defibnnaled blood found that the lacuc acid concen- 



318 


J. HAROLD AUSTIN AND GLENN E. CULLEN 


tration of the blood rose and fell with the pH of the blood and con- 
cluded that the pH of the blood regulates the rate of removal of lactic 
acid They suggest that this constitutes another factor in addition 
to the hemoglobin and other proteins and to the bicarbonate and to 
the phosphates of the blood, m regulating the acid base balance of the 
blood 

The formation of lactic acid dunng muscle contraction, a complete 
review of which is given by Hill (1922), has been demonstrated and 
studied quantitatively especially by Meyerhof and by Hill The 
extent to which lactic acid can influence the alkali reserve and plasma 
pH during violent exercise has been shown by Barr and his associates 
(1923) and by Himwich and Barr (1923) The importance of oxygen 
in the removal of this lactic acid has also been shown by Meyerhof 
and by Hill but the extent to which disturbance of this mechanism 
occurs in disease has not been studied The influence of pH on the 
recovery process of muscle has been studied by Hartree and Hill 
(1923, 1924) The direction and possible extent of the disturbance of 
the acid base equilibrium followmg exercise is shown m figure 5 from 
the data of Barr and his associates, and its magmtude is very striking 

Anaphylachc shock 

It is interesting to consider the evidence for aadosis in anaphy- 
lactic shock Eggstein (1921a, 1921b), Underhill and Ringer (1921), 
Hirsch and Wilhams (1922), Bigwood, Cogniaux and CoUard (1924) 
and Bigwood (1924a) have demonstrated a fall m alkali reserve in the 
dog and in man durmg anaphylactic shock and in the condition of low 
blood pressure following the mjection of protein spht products, typhoid 
vaccines and histamine hydrochloride and Hirsch and Williams and 
Bigwood and his associates find also a marked fall in pH. These 
authors have observed some parallelism between the degree of shock or 
fall in blood pressure and the extent of the acidosis Eggstein found 
that a fall in the CO 2 capacity of the plasma determmed by the tech- 
nique of Van Slyke and Cullen (1917) to below 25 vols per cent in his 
experiments was usually assoaated with a fatal outcome and that a 
pr elimina ry admimstration of sodium bicarbonate before the produc- 
tion of anaphylactic shock dimimshed the acidosis and lessened the 
mortality Bigivood and his associates point out that the fall in 
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IBIICOj] and sn pll invoUcs an increase m the maxiraal (Ca++] (sec 
our discussion of tetanj), a fact possibI> of importance in \aen of 
Hamburger’s exidcnce for decreased pcrmcabilitj of the capillarv nail 
resulting from increase m [Ca'-+) The slope of the plotted data of 
BigiTOod and his associates indicates a change in aad base equilibrium 
quite similar to that nliicli ive ha\e observed from anestlicsia Tint 
IS, associated nith a true aadosis there is sonienhat further depression 
of pH suggesting a greater depression of the respiratory center than 
occurs smiplv from admmistration of acid, or from nephntic or dia- 
betic aadosis 

7 raumaltc shock 

Numerous studies of the alkali reserve in traumatic shock have 
appeared in the literature nhich substanUallj support the findings 
of Cannon fl9l8) Uiat there is a lowering of the alkali reserve when 
there is lowcnng of blood pressure from shock or from hemorrhage, 
but his conclusions as to the importance of the aadosis as a cause of the 
shock have not been established Rajanund (1920) has pointed out 
that the cv donees of shock may precede tlie fall in alkab reserve In 
five dogs traumatizvd under local anesthesia no striking fall in tlie 
alkali rcscrv'c appcarcrl until the condition of the animals became quite 
serious \Micn general anesthesia is given the effects of the anesthesia 
upon the aad base equilibrium render the interpretation of the clianges 
due to shock per sc v cr> difficult (Set later discussion of anesthesia) 

Tone substai.ccs 

Ihc administration of mcthjl alcohol to dogs was shown b> Pohl 
to be followed b> grcatl> increased excretion of formic acid in the 
unne, the maximum excretion bang reached on the third or fourth 
dav krol de'monstratcd a well defined increase m the ammonia and 
rreatin of lilt urme in dogs in similar ttpenmcnls Bongers gave 
niclln 1 alcohol to dogs and measured the amounts rtcov creal bv gastric 
lavage rtpi iteal over several dajs lit asscrU tint he recovered 
about three timi - as much methv 1 dcohol m the combined washing- 
m the second and thirrl dav s a- ht v is able to obtain m those of tht 
first, sut Resting vtn Oow mctaliohsm of the alcohol In spite of this 
evidence of abnormal acid cxeretion Loewy and Munrer (l92tb) 




Van Slyke Type of Graph Showing Normal Area of Figure 4 toth XT'? 


Limiting pCOj Curves and its Limiting CO2 Absorption Curves 
Large figures are Van Slyke’s areas 
1: Uncompensated alkah excess 
2, 3: Uncompensated CO 2 defiat 
4* Compensated alkali or CO 2 excess 
5: Normal balance 
6 Compensated alkab or CO 2 deficit 
7, 8 Uncompensated CO 2 excess 
9. Uncompensated alkali defiat 

Numbered arrows indicate direction and magnitude of change induced by 
1 Lactic acid (see table 3), 2 NaH-POi (table 3), 3 HCl (table 3), 4 Ingestion of 
84 mgm (1 mM) per kilo of NaHCOj, 5 to 6 , immediate effect of one hour of radiation 
(Rroetz, 1924), 7 to 8, day followmg radiation (Kroetz), 9 One hour of radiation 
(Hussey, 1922) 

o ° Area mcluding cases of alkab admmistration or loss of acid by vomiting 

(Myers and Booher, 1924) 

X A Area mcludmg diabetics with acidosis (low[C02]) and under msulm treat- 

ment (high [C02j) (Cullen and Jonas, 1923, Myers and Booher, 1924) 

A Fasting 50 hours (Koehler, 1923). 

B 1 Fasting 77 horns (Koehler, 1923) 

□ — O Nephntis (Myers and Booher, 1924, Linder, Hiller and Van Slj'ke, 1925) 

■ Effect of exercise (Barr, Hrmwich and Green, 1923a) 
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found m rabbits no diminution m the blood bicarbonate Harrop 
and Benedict (1920) however in a human case of mcth>l alcohol 
poisomng found increase of organic aad m the urmc and speafically 
of lactic and formic aads and m addition a fall of plasma bicarbonate 
to 36 aols per cent Alkali therapy raised the latter to 86 \ols 
per cent pH studies arc not avaiLable Haskell, Hilcman and 
Gardner fl921) found a reduction in the CO. capacity of most of their 
dogs poisoned with methyl alcohol but not in all, nor was the reduc- 
tion in COi oipaaty commensurate avitli tlie seventj of symptoms 
Rabinosatch (1922) found a fall in [COt] in one human case to 26 a ols 
per cent with a rise in blood phosphorus to 11 2 mgm [P] per 100 cc 
It will be seen from figure S that tlie tflects of acid or acid producing 
salts, of fasting, of diabetic acidosis of nephritic acidosis, of severe 
exercise and probably of anaphy lactic shock is to produce change in 
the aad base cqmlibnum in a similar direction and to a degree tliat is 
dependent upon the seventy of the disturbance 

Tetany 

Tetany is a condition intmiatdy related to the aad base ccimlibnum 
of the blood The studies of the pathogenesis of tins condition have 
been recently revaewed by MacCallum (1924) and any extensive 
repetition of the data there so well presented seems unnecessary 
Certain aspects of the condition cspcaally in relation to the pH of the 
serum may be discussed further here to adv intage however 
It IS evadent from a study of the Uttralun, that tetany is associated 
with one or more of the followang 

a Dealruction, removal or disease of ihc parathyroid glands 
1) Inaeascd alkalinity of the scrum 
c Bimmeshed [Ca] and increased |P] of the scrum 

liinger (1917) showed that diminution in tlie [Ca) and increase of (he 
[P] of the ccnim produceal bv injecUon of phosphate gav c nse tomarked 
tetanv when the pH of the injected solution was about 6 1 or greater, 
gav e ruse to only slight tetany when the pH of tlie soluUoa injected was 
5 S and to none w hen its pi f was 4 S With the availability of Cullen's 
(1922) methorl for dirict mtasurement of the 'crum pH the authors 
m conjUncUon with H C Gram and H W Robinson earned out 
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similar experiments thus far impublished. Dogs were injected intra- 
venously with (a) M/10 Na 2 HP 04 , (b) M/10 NaH.PO^, (c) M/10 
NaH 2 P 04 + M/10 NaCl Each dog received 49 cc per kilo in 53 
minutes Blood was taken from the left ventricle before and two 
minutes after completing the injection, defibrinated under oil and the 
serum removed without loss of CO 2 Serum analyses are given in 
table 4 

The methods used are the same as those employed in studies of 
ether anesthesia by Austin, Cullen, Gram and Robinson (1924) 
[Ca] and [P] were analyzed by the methods of Tisdall (1923) and 
Tisdall (1922b) respectively. 


TABLE 4 


SOLUTION INJECTED 

■nifE OP 
BLEEDING ! 

pH 

6 

u 

tt 

U3 

io 

qU : 

s'" 

2 

H 

0 

t6 

94 

g 

U 

94 

¥ 

0 

0 

ti 

» 

94 


a NajHP 04 |^ | 

b NaHiPO^^ 1 

c N.H,Po4_NaCl^i( 

Before 

After 

Before 

After 

Before 

After 

7 34 

7 36 

7 28 

7 13 

7 35 

7 08 

mJf 

19 3 

20 4 

18 9 

9 6 

20 1 
11 2 

mm 

40 

43 

39 

28 

39 

41 

grams 
per cent 

7 1 

5 4 

! SI 

6 7 

6 7 

4 3 

H 

msm 

2 0 
27 7 

4 4 
66 2 

3 5 
49 6 

ntjr 

111 

! 95 

1 

111 

99 

111 

113 


In the experiments quoted typical tetany appeared in experiment 
(a) , no tetany was present in (b) and (c) It is evident that the greater 
tendency to tetany in (a) as compared with (b) is not due merely to the 
larger amount of Na administered in (a) for in (c) where the Na 
administered is the same no tetany developed The difference in 
tendency to produce tetany in these as in Binger’s experiments lies 
apparently with the resulting pH of the serum or with the pH and 
bicarbonate concentration of the serum 
Recogmtion of a relationship of this sort in connection with the 
physiological activity of Ca together with the recognized limited 
solubihty of Ca led Rona and Takahashi (1913) to attribute the 
physiological activity of calcium to the calcium ion concentration and, 
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assuming the blood saturated with CaCO,, to calculate the calaum 
ion concentration accordmg to the equation 


[Ca-H-J « K 


Incor] 

[H^l 


( 20 ) 


Brinkman has mcluded the phosphate ions in a similar equation on 
the assumption that the blood is also saturated wnth calaum phos- 
phate The most carefully developed form of this double equation is 
that of Kugelmass and Shohl (1924), who has c evaluated the constants 
for these and related equations in aqueous solutions at 38°C A 
form of the combined equation given by them is 


[Ca^l = sj 


(7 6X10~») iH^l 

(Hporl [Hcorl 


(20 


A fundamental limitation of the usefulness of such an equation has 
not bten brought out however in thtir discussion Equation (21) 
IS domed bj combmmg the two following equations 

[Ca-H-] J3J J (22) 


which IS the maximum lCa‘*‘+] possible in an aqueous solution saturated 
with CaCOj, and 


{&++!-. 


(67 X io~9 
[nroTl 


(a) 


w Inch IS the maximum [Ca'^'*'] possible m an aqueous solution saturated 
with CallPOi In discussing the use of a combined equation sudi as 
(21) It has commonlj been oicrlool cd that such an equation is \ .ilid 
onlj when tlie sjstcm is saturated simultaneous!} with both CaCO, 
and CallPOi and furthermore that under these conditions the follow- 
ing conditions arc obligator} 

1 A fixed ratio must e-xist for 

2 The ICa*"*] calculated from cquaUon (22) will equal the (Ca-* +] 
calculated from equation (23) and also of course that calculated from 
equation (21) 

Whcncaer tlielCa^ ♦] calculated from equation (22) ditiers from Uuat 
caleailatcd from equation (23) then the sa-tem is saturated onl\ vatli 
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the salt corresponding to the equation giving the lower calculated 
[Ca+'^J, anti that value represents the maxiinuni possible [Ca++] m 
the system Under these conditions, equation (21) is no longer valid 
for it is based on the assmnption that the system is saturated with both 
carbonate and phosphate. The proper use for the equations m so far 
as the results obtained on pure aqueous solutions of the salts can be 
apphed to serum, woidd be to use equations (22) and (23) separately 
and take as the significant figure the lower calculated value as repre- 
senting themaamum possible calcium ion concentration for the senun 
This method we applied to the experimental data given in table 4 
with the results shown in table 5. The values in parentheses can 
have, as pointed out, no real significance With the assumptions that 
we are making here, the maximal calcium ion concentration after 


TABLE s 


EXPERIHENT 

ICa++i 

EQtTATIOI. (22) 
(casbovate) 

ICa-M-) 

EQTTATIOK (23) 
(phosphate) 

TETAmf 

/ Before 

0 41 

(1 24) 


^ \ After 

(0 37) 


Marked 

, f Before. 

0 37 

(0 58) 


° \ After . . 

(1 03) 


None 

r Before 

0 30 

(0 71) 


^ \ After . 

(0 99) 


None 


injection is m each instance hmited by the concentration of HP07 
and there is no relation betw'een this maximal [Ca'''+] and the presence 
or absence of tetany. 

It would seem therefore that the influence of pH upon the develop- 
ment of tetany cannot be accounted for merely by its influence upon 
the maximal possible calcium ion concentration. It seems probable 
that the pH has an additional physiological effect in influencing the 
susceptibihty of the organism to the calcium ion concentration or to 
the balance of the inorganic ions. 

Hemorrhage 

Wilson (1923) has pointed out that the immediate effect of a 
large experimental hemorrhage is fall in blood bicarbonate, soon 
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followed, hovie\cr, by a rise aboYe normal assoaated Bith an increase 
of pH above normal 

Gaslrtc disorders 

In disease of the gastro intestinal tract the only striking alteration 
obseiNcd m aad-base cquilibnum is the allalosis assoaated vnth 
persistent vomiting and consequent loss of acid from the bod\ in the 
form of HCI This alkalosis may give nse to let my ilacCallum 
and others (1920) m crpcnmental pjlonc obstruction obtained relief 
of the tetany with injections of KfaCl 
MacAdam and Gordon (1922) have reported the finding of an 
alkalosis in cases of periodic vomiting associated with definite 
ketonuna This constitutes another instance of the danger ofassum- 
ing a condition of acidosis to be present because acetone and diacetic 


TABLE 6 



AvetAor pH 

12 nortnuU 

7 29 

8 roi'ccUaticous <lu.cwcs 

7 33 

23 carcinoma os-? 

7 34 


acid arc present in the unne rolloiving prolonged alkaline treat- 
ment for gastric or duodenal ulcer, Hardt and Rivers (1923) have 
reported tovic manifestations associated uilli rise in the plasma 
[CO] and with evidences of impairment of renal function 
Mvers and Booher (1924) report several cases of high alkali both 
compensated and with high pH following Sippv trealmeiit for ulcer 
Thej also wTite “we are inclined to thml tliai alkalosis is a condition 
overlooked and sometimes confused willi aadosis b> the clinician 
\\ c bdiev e great care should be cxcrascd m administration of alkali ” 

iVeo/dain s 

In cases of caranoma thcscrum ash Vvas found bj Moore and W ilson 
(190<j) to require slighllj more aad for its neutralization than norm-1 
scrum and this obscrv ation w as confirmed bj W itson f 1909) Men ten 
(1917) reported an merevse in the pH of scrum of carcinoma cast^, but 
later studies bv Chambers and Klcmschmidl (1923) in which the pH 
was calculatctl from the CO- absoqilion curves and the COj content 
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of the blood as drawn with correction for oxygen unsaturation shows 
the averages given in table 6 

Myers and Booher (1924) in a series of 11 cases of uncomplicated 
carcinoma found no change in the acid base equilibrium, nor did 
Corran and Lewis (1924) 

It seems probable therefore that there-Is no significant change in the 
serum pH in carcinoma 

Radiation 

The effect of x-ray radiation has been studied in rabbits by Hussey 
(1922). He observed an mcrease in both plasma CO 2 capacity and 
pH by Cullen’s method, evident one ,hour after radiation and still 
present after 48 hours The mcrease in pH in three hours was from 
0 11 to 0 18 and in the plasma CO 2 capacity from 16 to 18 vols 
per cent 

Elroetz (1924) has found in man after both x-ray and ultraviolet 
radiation a fall during the first hour of 3 to 10 vols per cent in the 
serum bicarbonate and of 0 02 to 0 09 m pH, followed by a nse of both 
[BHCO3] and pH the following day to about as much above the initial 
value These high values may persist for a few days These changes 
are consistent in all of his observations, but are obviously small 

Balderrey and Barkus (1924) have observed the effect of exposure to 
sunlight upon the pH of patients as measured by Cullen’s (1922) 
method. They found no effect on cloudy days but on bnght days an 
mcrease in the average pH of 0 17 When pigmentation was marked 
they observed less change in pH 

Reference to figure 5 will show that the blood after admmistration of 
alkali and at a certain stage after radiation with ultraviolet hght or 
x-ray is characterized by a change m aad base equihbrium opposite to 
that produced by administration of acid both as regards [BHCO3] 
and pH. On the other hand, the nse in bicarbonate seen m certain 
diabetics treated with insuhn shows a tendency to be associated with 
normal rather than with increased pH 

Surgical anesthesia 

In surgical anesthesia we have e^ddence of a combination of acidosis 
in the sense we are using the term and of depressed ventilation 
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In discussions and studies o{ acidosis Wlomng general anesthesia 
ivith or wiUiout operation, the evidences of abnormalitj iihich have 
been taken as evidence of acidosis maj be considered in three groups 

1 Changes in plasma bicarbonate and pH 

2 Kctonuria 

3 Certain clinical sv mptoms 

Diminution in the plasma CO. during and immcdiatelv after ether 
anesthesia in man and animals has been observed bj Austin and Jonas 
(1917) Caldwell and Cleveland (1917), Carter (1920), Colhp (1920), 
Van Slj’ke, Cullen and Austin (1922), Leake, Leake, and Kothlcr 
(1921), and Austin, Cullen, Gram and Robinson (1924) 

Tilt fall of plasma CO- in man during operation under general 
anesthesia has been found to be from about 4 to 10 vols per cent witli 
return to ap])ro\imatclv normal within twentj four hour-. Vanous 
t>pcs of anesthesia differ only in a minor degree in Uic .amount of fall 
produced ind even in operations under local anesthesia Caldwell and 
Cleveland observed some fall Such changes m the alk.ali reserve arc 
rclativelv small In dogs under ether anesthesia the i.all maj be 
occasionally considerably greater, amounting in one inst.ancc to 22 
vols per cent (\'an blykc, Cullen and \usiin (1922)), but as a rule in 
dogs also the fall is less Uian 10 vols per cent 
The change in pH has been less cxlcnsivdy' studied Mentcn and 
Cnlc (1915) reported a fall in the blood pll in rabbits and Van Slvkc 
Cullen and Austin (1922) demonstrated fall in pH in the dog under 
both light and deep ether anesthesia Lc.akc, I eal e and Koehler 
(1923) confirm the finding Cullen, Austin, Komblum and Robinson 
(1923) hav c shown Uiat this fall occurs chiefly during the early minutes 
of anesthesia and Austin, Cullen, Gram and Robinson (1921) havr 
demonstrated that it is due thicfly to the introduction of some un 
identified acid into the blowl, together with Cl" anions The posa 
bilily that the unidentified acid is lactic aad has not been eacludcd 
lhat lactic acid formation m the muscles ls actuilly l->rgtly respon 
sihlc for the fall in all ah reserv c in the dog under ether .anesthesia has 
now been demonstrated by Ronrom, Koechig and l^aton and they hav i 
rho discussed a possnile rclaUon of this with the observations of Stcble 
and 1100010 (1924) 
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Stehle and Bourne (1924) have shown following ether anesthesia an 
increased phosphorus elimination in the urine, a 2 5 per cent decrease 
in muscle phosphorus and a 12 5 per cent increase in liver phosphorus 
The change m blood phosphorus, however, is shght which taken 
into consideration with the base findings of Austin, Cullen, Gram and 
Robinson (1924) indicates that the explanation of the diminished alkali 
reserve is not a withdrawal of base from the blood consequent upon 
mobilization of muscle phosphoric acid On the other hand the view 
advanced by Y. Henderson and Haggard (1918) that the fall m alkah 
reserve was a compensatory phenomenon consequent upon hyperpnea 
and excessive removal of CO 2 in the early stages of anesthesia has not 
been supported by the other studies mentioned 

Koehler (1924) has studied the acidosis of anesthesia as it occurs 
in human subjects The changes observed are comparable to those 
found m experimental studies Recovery of the acid base balance is 
fairly rapid and usually complete in from one to three hours Koehler 
divides the recovery into two phases that from excessive pCOo which 
is rapid occurrmg withm'the first hours and that from depressed 
alkali reserve which is slower 

Leake and Hertzman (1924) have studied the effects of ethylene- 
oxygen and nitrous oxide-oxygen anesthesia on the acid base equi- 
hbrium. They observed changes m the acid base equihbrium sunilar 
to but less marked than those observed with ether and chloroform 
In addition, the factor of anoxemia is of great importance m these 
types of anesthesia. There may be an initial increase in pH if the 
anoxemia is marked Leake (1924) has also discussed the disturbances 
of carbohydrate metabohsm following ether anesthesia 

The studies of White (1923) upon the beneficial effect of post- 
operative administration of CO 2 as a respiratory stimulant to accel- 
erate the removal of ether through the lungs, a procedure which in 
itself necessarily tends for the time toward stdl further lowering the 
pH, indicate that the fall in pH is of less importance than the other 
effects of the ether The procedure adopted by White led to a dimmu- 
tion of disagreeable post-operative symptoms 

That ketonuria as shown by quahtative tests for acetone and 
diacetic acid is a common finding after surgical anesthesia has long 
been noted and has been taken as evidence of acidosis Reimann 
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and Bloom (1918) and Caldwell and Cleveland (1917) demonstrated 
that 1 etonuna could often be detected immediately before operation, 



^ AN Slmcl T^tt or Graih Sjiowivc Noruvi. An v or Ficttt 4 and 1 merb 
or \ tstiasiA 

(Prom diu of Cullen, \u^Un, Kombhim and Robinson (1923) m tlojjj and < i rcehler 
(1934) tn hura-an ) 

It-—— ■ Before anestlesla 

-f 4 IlumMi catM unde? rvltous oxWt 

A — ' — . — A IIuTrinn cases tnlcrc{^ef 

O — - — O ltumancisc^afterm*rou>oxide 

A A Huntncascaaflef ct}-eran*^tbe a 
D— — a aftc-* ctbtr a 

prolnbU due to the prelimmarv fa*tmg, but tint it was niucJi mou 
fie'tut'nl follow mg the operation On the otbvr Innd, tliQ establnlnd 
the htt tint there w is no comtant uhtion betwetn the veventj or 
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duration of the operation or the seriousness of the post-operative 
course, or the degree of reducton in the alkali reserve on the one hand, 
and the degree of the ketonuria on the other Indeed, it seems possible 
that the ketonuria 4s mainly an expression of the fasting incident to 
operation, and there is no evidence that it is of any serious chmcal 
importance 

Of interest in this connection, however, are the observations of 
Thalhimer (1923), of Fisher and Snell (1924) and of Gmsberg (1924) 
upon the effect of insulin and carbohydrate given after operation, ivith 
a reported disappearance of ‘ketonuria and lessening of disagreeable 
post-operative symptoms The experimental studies of Stewart and 
Rogoff (1917) and of Ross and Davis (1920) are of especial interest in 
this connection. 

A third group of phenomena described following operation and 
sometimes attributed to acidosis, probably chiefly because the' common 
ketonuria has been examined for and noted in these cases, is a clinical 
picture which is essentially that of post-operative shock The 
evidence that these cases actually suffer from acidosis is however 
lacking These cases are not numerous in the surgical clinics and the 
opportunities for accurate studies of the' blood are still rarer In two 
such cases studied by the authors and beheved by the surgeons to be 
post-operative acidosis, both showed plasma [CO 2 ] value above 
normal. 

It seems probable therefore that grouped under the name of aadosis 
three more or less distinct pathological conditions have been recog- 
nized as occurring at times after general anesthesia with or without 
operation Of these, the one of chief climcal importance is that 
characterized above as a form of post-operative shock, but this con- 
dition is probably often not accompanied by acidosis and is probably 
not due to acidosis 

The ketonuria so often observed after operation probably anses m 
many instances from the fastmg preceding and following operation 
In itself it IS of doubtful clinical importance It may be associated 
with alkalosis rather than with acidosis The value of treatment 
with carbohydrate with or without msuhn must be based upon the 
effect of such treatment on the post-operative symptoms 

The fall of plasma bicarbonate and of pH, which alone should be 
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called aadosis, appears to be a constant accompaniment of cxpcn- 
mental and surgical ether, chloroform and nitrous oxide anesthesia, 
but there is no satisfactory evidence that it is of clinical importance in 
human surgen When the disturbances of tlie acid base cquihbnum 
that occur normally with vigorous cxcrase, as shown by the studies of 
Barr and his associates (1923) are called to mind, it maj well be ques- 
tioned whether the exertion inadent to passing under tlic anesthetic 
inaj not be an important factor in this aadosis exaggerated possibly 
bv' interference under tlie anesthetic with normal tissue oxidation 
It is not at all clear that the aadosis is a menace to the individual or 
that alkali therapy is mdicated Witli removal of the anestlietic 
spontaneous restoration of tlie aad base equilibnum is rapid as is the 
case after vigorous exercise Failure of the aod-base cqmhbnum to 
recover after operation occurs probably only incident to some serious 
disturbance of the metabolism, and is not so far as we laiow a con- 
sequence of the acidosis per sc 

Lobar pneumonia 

In certain infectious diseases various workers have reported dis- 
turbances of the aad base equilibnum 1 he most thoroughly studiexl 
infection is lobar pneumonia 

Palmer (1917) demonstrated the excretion in the unne m lobar 
pneumonia of large amounts of orgmic acid which at a pH of 5 0 was 
present is free acid At this pH, 87 per cent of unc aad is free, one 
third of p hy droxy buty nc and of acetic but only about 5 to 7 per cent 
of luppunc, diacelic and lactic aads Tlus fact excludes llic last 
three from consideration as the aad uxereted in pneumonia Palmer 
excluded by analysis ^ hydroxy bu tv nc aad, uric aad and ethereal 
sulphates The nature of the aad was not further idrntified Tliere 
may be a relation between tlicse observations and those of Barach, 
Means and Woodwell (1922) who observed a tuidcncy to lowenng of 
the alkah reserve m pneumonia Pliey found in 10 cases an average 
COj capaalv in arterial blood at 10 nim pCO, at 37’ of 13 2 vols 
]>er cent as conipaad v.ith the aver ige for normal individuals found by 
Peters, Barr and Buie (1921) of t93vols percent, the lowest obs'-rved 
in pneumonia was 35 0 vols per tent Barach, Means and W co'iwell 
ealculateii the nrtenal pH from the COj absorption curvi .and obtained 
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an average in their 10 cases of pneumonia of 7 31, with four cases 
below 7 30 which they take as the lower limit of normal resting pH 
The lowest pH they observed was 7 20 They found no relation, 
however, between the pH or the reduction in the alkah reserve and the 
prognosis or the degree of anoxemia They observed a spontaneous 
rise in the alkali reserve and return of pH to normal at, or shortly 
after, crisis in three patients studied before and after crisis In 
another patient they observed the same restoration without crisis after 
vigorous oxygen therapy. Binger, Hastings and Neill (1923) have 
reported edema occurring during convalescence from pneumoma in 
association with bicarbonate administration Hastings, Neill, Morgan 
and Bmger (1924) have more recently studied a senes of 30 pneumonia 
patients, making direct determination of the pH and [CO 2 ] They 
observed a lower arterial CO 2 tension during the febrile period than 
after return to normal temperature in seven cases but lowered pC 02 
and increased oxygen unsaturation did not occur together with suffi- 
cient regularity to indicate a causal relationship They noted no 
tendency towards an acidosis of either metabohc or respiratory 
origin The alkah reserve was within or near normal limits in every 
case and the pH was in each instance withm normal limits, 7 30 to 
7 50, and in most instances in the more alkaline half of this range 
Their results contraindicated alkali therapy in aU the cases studied 
In 8 of the 10 cases in which arterial oxygen saturation was deter- 
mined an abnormally low saturation was observed at some stage of the 
disease Taken with the non-occurrence of mcreased CO 2 tension 
these results they concluded support the view that when the mechan- 
ism for gas exchange in the lungs is affected, absorption of oxygen fails 
before elimination of carbon dioxide is significantly impaired. 

DtsUahaiwes similar to those produced hy hypopnea or hyperpnea 

Disturbances in the excretion of CO 2 either by a h 5 ^erpnea leading 
to a lowering of the alveolar pC 02 or by impaired pulmonary ventila- 
tion with rise of pCOo produce changes in the blood that have been 
extensively studied The subject has been thoroughly and extensively 
reviewed by Van Slyke (1921a, 1921b) with regard to the mechanism 
by which the pH of the blood is related to its pC02, and a discussion 
here of the development and present knowledge of this phase of the 
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subject would therefore be superfluous The relation of changes in 
pH of the blood to heart, bloodvessels and the centers of the central 
nervous system has been touclicd upon already 

In the study of disease so long as uc v ere Imuted to the measure- 
ment of tlie plasma or blood (COj] and to the direct measurement of the 
alveolar pCO, with its well recognized difiicultics in untrained or very 
ill patients the recognition of disturbances in aad base cquihbrium 
consisting chiefly of hypoventilation or of hyperventilation was 
difficult With the increasing data on both plasma or blood (COj] 
and direct measurement of pH of the scrum tlicrc appears to be 
emerging evidence of disturbances of this ty^ie in certain rhseascs 

Infections 

Hachen and Isaacs (1920) and Koehler (1923) have found in 
influenza, influenzal bronchopneumonia and gnppe wath tempera- 
tures above 103° and the latter m one case of pentomUs a reduction in 
the CO- capacity of the plasma and COj content of the blood which 
may be rapid or gradual in its development Koclilcr found the pH 
of the venous blood, however, increased rather than diminished and 
believes tlic fall in blood bicarbonate may be at least in part compen- 
satory to a fcbnle hyperpnea, analogous to the shift in aad base 
equilibrium whicli Bazett and Haldane (1921) observed on immersion 
in a hot bath and which Koehler (1923) confirmed The latter's 
observations arc plotted in figure 7 lamakita (1921) however 
observed a fall in alkali reserve in experimental infections tven when 
the temperature was not very high but only' with very' great increase 
m temperature in hyperthermia due to heat puncture Hirscli and 
Williams (1922) found in rabbits infected by intravenous injection of 
pathogeme bactena a marked lowering of both COj capaaty of the 
plasma and of pH and Leake, Vickers and Brown (1921) observed 
similar changes m experimental B bronchiscpticus pneumonia in dogs 
Hie assoaalion of the fall in [BHCO,] in experimental pneumonia and 
other cxpenmcntal infections with a lov cred pH suggests that fcbnle 
hyperpnea is not always the important factor in the ‘■liift of •'ud ba.sc 
condition but Uiat there may be depiction of the alkali resi.rve in 
ccriam infections The possibility of a renal factor is to be considerctl 
in these infections 




Van Slyke Type of Graph 
■■■ Normal area of figure 4 
I I Area of febnle cases (Koehler, 1923) 

Area of indmduals in hot baths (Koehler, 1923) 

j A.rea of individuals in last sixteen weeks of pregnancy (Marrack and 

Boo- ' ’) 

' ' '' areas he almost w holly within the normal CO; absorption curves but 

^ 11 (Van Slyke’s "nneompensated CO; deficit ”) 
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^Reports of ketonuna m the course of infections cannot be taken as 
evidence of acidosis Ketonuna indicates a disturbance of the normal 
fat metabobsm In diabetes mcllitus this is constantlj assoaated 
wth acidosis Ketonuna, however, can be produced by administra- 
tion of alkali as already pointed out and in the discussion of the effects 
of ether anesthesia we have pointed out that ketonuna is not pro- 
portional to the acidosis present 

Pregnancy 

The assoaation of to\cmias of pregnanca with '•increased NKj/K 
in the unne has long been noted Losce and Van Slyke (1917) showed 
however that in pregnant patients with pcmiaous vomiting and 
strikinglyhigh ammonia figures the plasma bicarbonate maj indicate 
no greater degree of aadosis than may be observed in non-to'ac 
pregnancy Sellards (1912) reported a similar case with onlv a norm vl 
tolerance for sodium bicarbonate Losec and Van Sl>lc, (1917) 
Williamson (1923), Cook and Osman (1923), and Marrack and Boone 
(1923) have shown some diminution of the bicarbonate of the blood 
in normal prcgnanc> The latter authors in sev enteen cases in the 
last SLVtecn weeks of pregnanej’ found bicarbonate of 17 to C3 \oh 
per cent as compared walh 58 to 65 aols per cent for normals Cook 
and Ornian found the scrum bicarbonate in pregnant women to be on 
the average 85 per cent of that for normal non-pregnant women 
Hassclbalch and Gammcltoft (1915) noted a greater lowering in 
alveolar pCO in the later months of pregnanej than in the bicarbo- 
nate, and Marrack and Boone observed the same Consistent with 
this IS the obscrv'ation b\ Marrick and Boone of a pll of 7 35 to 7 55 
by Cullen’s method (1922) in their pregnant cases, as compared with 
7 30 to 7 45 for normal cases (see fig 7) This would indicate a 
tendenev to increased pulmonarv ventilation in late pregnane), and 
the slight lowering of the [BlICOj] may well be considcrce! therefore 
a secondarv effect of h)T)erv'eniilalion rather than as due to true 
acidosis 


V, care indebted to Mr n \\ Robinson for assistance m the preparation 
<>! the graphs 
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ANOXEML^ IN LOBAR PNEUMONIA 
Its Catjses, PATnoGEVEsis, akd SiG'«Fiav>,CE 
CimiSTEN LUNDSGAARD' 

Trajamr c} Irtemal Medicine ci the Untcersily of Copenheim, LateAstcciale Vem'vrif the 
Fockejcller Institute for Medicat Reseorch 

I THE OCCURKENCE OF ANOXTiOA IN EODAR PNE0HONIA THT 
CINERiVE raVSIOLOGICAL CAUSES AND REStJETS OF ANOVTIHA 

Acute lobar pneumonia became more than one hundred > cars ago 
recogmrtd as a nosologic morbid entity through investigators be- 
longing to the so-called anatomic scliool Our conception of tins 
disease passed undiangcd cacn the bactcnologic era during whicli a 
aarielj of morbid entities mainly built on their sj-mptomatolog)’ be- 
came spill and collected into new entities In spite of the fact tint 
there arc but fcM diseases which in respect to sj-mplomaiologj , diag- 
nosis, and treatment are more familiar to the clinician Uian lobar 
pneumonia, it is true that no other respiratory disease has during thc 
last few jears given rise to more a-arjing, more scientiCcallj funda- 
mental, and more practically important problems 

The recent progress in the slud> of the etiologj- and epidemiology 
of lobar pneumonia and the spcafic and prophj lactic treatment based 
upon these studies will not be entered upon in spile of Uic fact tlial 
the most important problems concerning lobar pncmnonia are of 
eliologic and epidemiologic nature We shall conlme oursehes to a 
discussion of the pathological phvsiology of the discast._ where we fare 
flucstions wliicli saenlificallj and practicalK are of ahnosi as mudi 

‘The public con iwtiunn for tl c cliiir of Inictrcil Mctlic nt «t the bn i-crJils o‘ Cr»- 
penh^ren lebl m September, 1921, rcntitrce! of tntb cand dale four lecturr*, l«o 10 he 
eacn oi t jcc-vritc dot* on a -ubjecl cHsen b> lie candidtle oreadi aal l-vtu-e 
On a fuucnl at ipncd b> liic cxi n-iiltec the dn> befor- aiul i -c on a 4u‘nn:t al o at ^-red 
the lb) before end common for all il e carJiualc^ The n ler u-ca r ten terc isa-e 
ei* «i b^ the candldalc In the l-antlation frv-t I'lr,.'- the or ,-a»l fuc-i » pimcned 
eif»ni|.tf*rl> asj, ijlne 
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importance as the etiological problems As long as lobar pneumonia 
exists — and thereis no reason to believe that this disease belongs to the 
exterminable group of infectious diseases — ^it is important to study 
the degree of the functional disturbances caused by the infection 
Because, if a functional disturbance. affects an organ, the functional 
power of which cannot be reduced beyond certain limits without 
serious danger for the body, this disturbance may be of vital 
importance for the course of the disease Treatment of such func- 
tional disturbance may, therefore, — although of symptomatic nature — 
prove to be not less important than the specific and prophylactic 
treatment 

By far the most important functional disturbances, which occur in 
patients suffering from lobar pneumonia, concern respiration and circu- 
lation In this paper certain disturbances in the function of the lungs 
wuU be discussed with special reference to the nature and cause of these 
disturbances and to their significance for the body as a whole The 
main respiratory functions of the lungs — ^intake of oxygen and output 
of carbon dioxide — are often disturbed in patients with lobar pneu- 
monia We shall in this lecture confine ourselves to a discussion of 
disturbances in the oxygen intake and discuss questions concemmg 
the carbon dioxide only in case they are of importance for the oxygen 
intake. 

Oxygen content of arterial blood in patients with lobar pneumonia 

Investigations published within the last few years have shown that 
the artenal blood, in a large percentage of cases, contains less oxygen 
in proportion to the hemoglobin than does artenal blood from normal 
individuals Or, in otlier words, the arterial saturation is abnormally 
small in a number of patients with lobar pneumonia 

Table 1 gives the percentage of oxygen saturation of the arterial 
blood in 50 patients, compiled from eight different publications In 
12 instances the degree of saturation was found to be between 90 
and 100 per cent, which is either normal, or at most, only slightly 
diminished In 22 instances the degree of saturation fell between 80 
and 90 per cent, in 9 instances between 70 and 80 per cent, and in 7 
instances betu een 60 and 70 per cent 
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The various columns m figure 1 correspond to the average values 
for the different groups given in table 1 The light part of the column 
indicates the oxyhemoglobin, whereas the dark part represents the re- 
duced hemoglobin 

The degree of arterial oxygen saturation has been shown to vary 
considerably during the course of the disease So far the determina- 
tions are too few to justify an attempt to draw parallels between the 
degree of oxygen saturation and the various clinical and anatomical 
stages of the disease 
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Fig 1 Diagram oi tue Arterial Oxygen Satur,\tion or the Various Groups or 

Patients in Table 1 

Dark areas indicate reduced liemoglobin Light areas indicate oxy-liemoglobin 


In table 1 below is given the arterial oxygen saturation in a senes of 
patients with influenzal-pneumonia where — as we shall briefly 
discuss later — a decreased arterial oxygen saturation is still more com- 
monly seen than in patients with lobar pneumonia 

The cause of the dummshcd oxygen content of the artetidl blood in lobar 

pneumonia 

In order to facilitate a discussion of the cause of the diminished 
arterial oxygen saturation in pneumonia, it might be useful first to 
call attention to the three diagrams in figure 2, where the ratios of 
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reduced Iicnioglobm to ckj hemoglobin m the ■varioii'i parts of the 
circulatory bed arc gi\cn 

Diagram A represents the conditions found in nonnal individuals 
at rest The blood enters the arteries noniiallj saturated nath 
owgcn (about 95 per cent) In the tissue capillaries about one-fourth 
of the oxygen goes out to the tissues so that the \ enous blood becomes 
only three-fourths saturated, which with an oxygen capacity of 20 
aoliimes per cent corresponds to an oxygen content of 15 volumes per 
cent Diagrams H and C indicate the two ways in which the arterial 
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HiiiorLoni IN DurrRTvr rwTs or Tur trucuiATonv Smtik 

Ay In nomvil tndiM luals, iJ, in ivcv.<o( mcompUlc oxygenation In acrattil pjrUof the 
Iwnr^, C, In \ oiM ixhtrt, n frvrlion of blood pass’s through cnrpplctdy unncrntrl parti of 
the lungs 

oxygiii content mav he diminished by pathological lung condition'- 
ll! II all the blood is oxygenated, but to a lower degree than usual, 
beeiu'C le*-s oxagin for one or another reason passes from the alveoli 
to the blood streaming through the lung e ipillants In C the aricrinl 
ovvgcii satuntjon decr<ase<- heeaust a fraction of the blood pas<-^s 
through a p irt of the lung to which iir iws no u ce's 
It might seem mos( natural to pre-su m that the cauv of the lo • 
arterial oxvgin saturation so often found in lob r pueumoau is that a 
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fraction of the blood passes the consolidated area to which air has no 
access (diagram C) Various facts can, however, hardly be brought m 
accordance with such a conception First, the dry bloodless condi- 
tion of the consolidated parts of the lungs, particularly in the stage of 
gray hepatization, points against any considerable perfusion of the 
consolidated area Secondly, as Kline and Winternilz, and later 
Gross showed, only the largest branches of the artena puhnonahs 
could be injected with an emulsion of either Berlin blue or barium 
gelatine Tlurd, extensive consolidation of the lung tissue is found 
without any decrease in the oxygen content of the arterial blood 


TABLE 2 

Comparison lelween number of lobes consolidated and degree of arterial oxygen saturation m 14 
patients vnth lobar pneumonia {Rockefeller Hospital) 


NUltDER OF LOBES COSSOLIBATED 

ARTERIAL OXYGEN SATURATION, PER CENT 

1 

82 1-84 0-90 2-91 6-97 2 * 

2 

68 0-75 8-86 5-94 4-97 0 

3 

64 6-68 2*-90 5 

4 

92 7 


* Indicates that the patient was treated m oxygen chamber when the arterial hlood 
was drawn 


In table 2 is given the degree of arterial oxygen saturation in per 
cent of capacity and the number of affected lobes in a series of patients 
from the Rockefeller Hospital examined by Hastings, NeiU, Morgan 
and Binger Besides the routine stethoscopical examinations, roent- 
genograms were made in all instances No parallelism between 
degrees of artenal oxygen saturation and extent of consolidation is seen 
in these patients Fourth, in a number of cases it has been possible 
by oxygen therapy completely to oxygenate the abnormally un- 
saturated arterial blood In such cases it can be excluded that any 
blood has passed a part of the lung to which air has no access (ana- 
tomical shunt). The decreased arterial oxygen saturation found in 
pneumonia must therefore at least in a certain number of cases be 
explained in another way 

English investigators especially Haldane, Meakms and Pnestly, 
consider shallow breathing mainly responsible for the decreased artenal 
oxygen saturation When the depth of respiration becomes so small 
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that onh the dead space, which is about 150 cc., is \cnlihtcd, the air 
in some or all ah coli must be renewed b\ diffusion alone The normal 
nheolar oxjgcn tension is not maintained and if the oxagen tension 
decreases suflicienth, incomplete saturation of tlic blood passing 
through the lung capillancs ma% result rigiirc 2, B, indicates sudi a 
condition This tlicorv cannot be said to be absolulelv new in 
principle, because a smiilar explanation hasbeen gia cn for tliedyspnoca 
of certain heart patients However, the Tnglish investigators have 
not only gone deeper into the problems than before, thev have also 
produced experimental support fora theory’ which prcviouslvhad been 
a mere hypothesis In the first place it has been shown by these three 
investigators that superficial lung ventilation, artifiaally produced in 
normal subjects by' means of the so called concertina, would cause 
periodic respiration, whicli is known to be due to oxygon want 
Secondly, hfcakins and Davies have shown that shallow respiration 
may cause decreased artenal oxygen saturation in normals They 
found, for instance, that the arterial blood w as 94 3 per cent saturated 
dunng normal respiration If the tidal air was dmiimshed from the 
normal value of 500 cc to 315 cc the artenal oxygen saturation 
decreased to 91 7 per cent Further decrease in the tidal air caused 
penodic respiration Jliirdly, Mcakins has detennined the depth 
of respiration and at the same time observed the skin color in I 
patients watli lobar pneumonia 

He found that the color beoimc cvanotic if the depth decreaied 
to about 230 cc (table 3) Bingcr, Hastings, and Neill observeil the 
deptli of respiration, tiie arterial uiisaUiration and the skm color m 
a patient with lobar pneumonia They found, as shown in table 4 
Uiat the arterial oxvgcn saturation rose and the cyano-jis di'-appeared 
on increasing the depth of rcspiritioa On the other Ipiid it dots 
not Seem likely that shallow brcithingis the only cause n^ponslb!r for 
the decreased artenal oxygen saturation in patient-, v ith pneumoai i 
It IS licyond doubt that e*vano;.is of respiratory ongm mav occur in 
patients where the depth of respiration is not below norm i! ‘^lathc 
in a discussion of this problem, pulsvery little stress on "halloi breath- 
ing as the cause of low artenal oxygen in pneumoma It tan further- 
more not be excluded a prion thel r^pid and si alio i breathing i lay 
be the re aili and not the cau'c of low artern! oxvj cn in pnetm on w 
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At any rate, another explanation than shallow breathing, must be 
found for the low arterial oxygen in a certain number of patients 
with pneumonia It is not unlikely that the cause is decreased diffu- 
sion from the alveolar air of normal composition to the blood in the 
lung capillaries Such a diminished diffusion may be brought about in 
two ways first, by the presence of a layer of fluid on the inside of the 
alveoli, as has been suggested by Hoover as the cause of the cyanosis 


TABLE 3 

Relation hetaieen depth of respiration and skin color in 4 patients with lobar pneumonia 

{M eakins) 


KTJilBER OP PATIENT 

DEPTH OF RESPIRATION | 

C\ANOSrs 

‘ { 

U 

270 

0 

230 

+ 

2 

290 

% 

3 [ 

270 

0 

^ 1 

240 

+ 

^ { 

260 

0 

230 

+ 


TABLE 4 

Relation of arterial oxygen sasitrat’on and skin color to depth of respiration in a patient with 
lobar pneuinonia {Bmgcr, Hastings and Neill) 


DEPTH OF RESPIRATION 

ARTERIAt OXYGEN RESPIRATJON | 

CYANOSIS 

cc 

1 

per cent 


176 

61 0 

+ 

450 

91 7 

0 

540 

96 0 

0 


in bronchopneumonia, and by Barcroft as the cause of the cyanosis m 
cases of gas poisoning during the war Second, such a diminished 
diffusion may be due to a fimctional disturbance of the alveolar epithe- 
lium as proposed bj"- Brauer as an explanation for the cyanotic skin 
color in certain cases of bronchopneumonia without organic patho- 
logical findings This (hypothetical) condition Brauer has teimed 
pneumonosis, analogous to the term nephrosis, which Friednch 
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Muller introduced to indicate certain kidncj conditions Schjcming 
has produced lung cxlcnia in cats and dogs bv intn\ tnous injection of 
chloramine and subcutaneous injection of urethane and also b\ 
chlorine inh ilation Blood gas analyses shov cd incomplete o-cAgena- 
tion of the arterial blood In tuo dogs the anatomical changes in the 
lungs after chlorine inhalation were so slight that he assumes a func- 
tional disturbance of the epithelium (a pneumonosis) as the cause of 
the incomplete arterial oxjgen saturation In human lungs the 
condition of a diminished diffusion has so far not been etpenmentalK 
proacn Diagram B in figure 2 indicates in a schematic nav the 
relationship betuecn reduced and oeagenated hemoglobin in the 
aarious parts of the circulatoiy s>stcm if the diffusion through the 
aheolar nails is diminished 

1 he effects on the ort^amsm of incomplete oxygaiatwn of the arterial hlood 

After ha\ing described the existence of incomplete oxjgcn satura- 
tion of the arterial blood and considered its causes, it remains to dis- 
cuss Its effect on the organism Unfortunately studies correlating 
blood gas anah’ses n ith clinical s>’mptoms arc still 'o few that it seems 
for the time being impossible to obtain sufficient insight by tliesc 
means alone Tor man) years howeser, physiologists ha\c studied 
experimentally similar but mucli less complicated conditions These 
im cstigations mas proa c of benefit to us and sen c as a starting point 
for a discussion of the complicated conditions -which we face when 
trying to unras cl the influence on the organism of insufficient oxj gena- 
tion of the arterial blood 

The effect of grave disturhai ces in tic oxygen supph 

Complete preacntion of oxx'gcn suppK caii'cs in all higher ammal- 
death in a few minutes because of the small amount of rcsenr ovvgin 
stored in the bod) Grase but not iminediateU de ulK disturbancc'- 
in the owgcn suppb cause, as shown in animal exiK-nments, markitl 
irritation of the medulla spinalis and medulla oblongata Mathiso i 
showed for instance in 1909 in decapitated e-ils th it insufficient oxagLii 
'uppl) riuses irritation of the skeletal raiKle and the \ I'omoto' 
muselcs Malhison thinks tliat oxi gen lack .lets aspriulu, to the 
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nerve centers, snnilar to the action of carbon dioxide and lactic acid 
He challenges the conclusions of Bethe and of Lmdhard that oxygen 
lack exercises its effect by increasing the irritability of the nerve 
centers Another remarkable effect of oxygen lack is bradycardia 
This was first shown by Sherrington Later Th Lewis and Mathison 
showed that the slow heart action was caused by a temporary heart 
block 

Effects of oxygen lack of moderate severity 

These effects have been studied in mountain expeditions, in experi- 
ments with low atmospheric pressure in air cabinets, in the respiration 
of air with low oxygen content, in carbon monoxide poisoning, in 
certain heart diseases, and in severe anemias The symptoms which 
can be ascribed to lack of oxygen are in principle the same m all these 
various physiological and pathological conditions, although they may 
be modified more or less by circumstances of secondary nature, such 
as the duration of oxygen lack, which we shall discuss later 

The results in mountain expeditions and m air cabinet experiments 
are for historic and physiological reasons particularly fit as examples of 
the effects of oxygen lack of moderate seventy Furthermore the 
oxygen lack is in these conditions of the same type as in pneumomain 
that it IS of respiratory origin We shall therefore in the foUowmg 
mainly confine ourselves to these conditions The condition which 
may be the result of oxygen lack is now generally termed anoxemia 
This name is a modification of the term anoxyhemia barometrica 
introduced in 1864 by Jourdanet. By this term Jourdanet expressed 
that asph3rxia of the body tissues which he considered to be present 
during stay in rarified air or in air with low percentage of oxygen 
Anoxemia reveals itself through various symptoms discussed below 
not all of which are of the same importance or of the same constancy 

Cyanosis 

The most conspicuous symptom is cyanosis For a purely clmical 
estimation of the presence of anoxemia or of the grade of the condition 
if present, the cyanotic color is of no less importance than the pallor 
in anemia or the yellowness in icterus The essential cause of the 
cyanosis is the dark color of the non-oxidized hemoglobm present in 
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the blood \\ hen the color of the blood in the capillmcs becomes 
sufiicicnth dirk it is recognized as a diffuse color change through the 
skin as through milk glass /Uthough it is true that the essential 
cause of c>anosis is the dark color of the reduced hemoglobin, it must 
not be overlooked that its appearance and degree, if it is present, arc 
influenced by a senes of so called modifying factors Of these factors 
Uie state of the capillancs is particularly important For that reason 
one can draw onl)' rouglil)’ quantitativ c conclusions from the intensitj 
of cyanosis as to the degree of oxvgcn saturation The minimum 
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concentration of reduced hemoglobin in the capillary blood wliich 
produces vasihlc cyanosis can therefore be stated only ipproximatch. 
IIov. cv er, ordinanly it is not far from 6 or 7 v olumes per cent “ Tins 
corresponds m patients with nonnal hemoglobin to '■n artcnal oxv gen 
saturation of 80 to 85 per c< nt One would therefore cx|icel that nor- 
mal individuals exposed to rarifieal air at high altitudes would become 

*11 IS convTfiitnl to esnress rcsl-.c«l Lcmc'^obia OTrccalra*rtn ti Icars of exj-ta 
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cyanotic when the arterial oxygen saturation decreases to about 80 
to 85 per cent As a matter of fact this was found to be the case by 
Barcroft and his collaborators in the expedition to the Andes in 1922 

They found that a cyanotic color began at about 4000 meters 
Determinations made at the same altitude showed an arterial oxygen 
saturation of from 82 to 91 per cent and in most cases around 85 
per cent The figures are given in table 5 In 1915 Hasselbalch and 
Lindhard in an air cabinet experiment at the Finsen Institute in 
Copenhagen in a normal individual found no cyanosis at a barometric 
pressure of 552 mm corresponding to an altitude of a little less than 
3000 meters If, however, the pressure was lowered to 484 mm 
equivalent to an altitude of about 4000 meters cyanosis was found 
as an inconstant symptom. 

Cerebral and cerebellar symptoms 

Under anoxemic conditions a variety of psychic disturbances are 
described As in the case of the cyanotic skin color, these symptoms 
do not appear before a certain grade of oxygen lack is present As 
a whole it may be ascertained from the reports of various mountain 
expeditions and air cabinet experiments that such symptoms start 
at an altitude of approximately 4000 meters, or at a pressure of not 
far from 500 mm , which corresponds to an artenal oxygen saturation 
in normals of approximately 85 per cent Most of the psychic dis- 
turbances occurring in anoxemia are of an indefined diffuse nature and 
can hardly be localized to any certam areas in the brain Loss of self 
control as in alcohol intoxication, has been repeatedly observed, for 
instance by Barcroft at an altitude of about 4000 meters in the Alps, 
It has also been descnbed by Zxmtz and collaborators By Mosso, 
and by the expedition to Pike’s Peak in 1913, it was noticed that the 
men often became unreasonable at about the same altitude Haldane, 
Kellas and Kennaway reported loss of memory and a delirious condi- 
tion in an air cabinet at a pressure corresponding to 7500 meters 
altitude Sleeplessness and headache were observed by Lindhard in 
the cabinet at a pressure of 484 mm (4000 meters) Irritability, 
headache, nausea and loss of appetite were reported by Barcroft 
and his associates to be common at about 4000 meters dunng the 
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1922 expedition to the Andc< Intellectual intpairmnit mentioned 
bj Barcroft Htstatf;tlntontbtTcnLnfracxpcditionhct.a!iunablc 
losohc'' simple ilgcbr iicproblcm at an altitude of about 3500 meters 
The impairment of the 'en'cs of Msion and hcannc noted b> Haldane 
Kcllas and Kennauaa, is al‘=oniost liUch of cerebral nature Cere- 
bellar disturbances, such as dizziness and a ertigo, arc frequently 
reported According to Barcroft, the\ appear somcuhat later (at 
a higher altitude) than the cerebral saanptoms Zuntz and collabora- 
tors obscracd in 1901 on the Monte Rosa expedition that aertigo teas 
present, caen wath closed c>es Because it is reported not to occur 
under such circumstances in deaf-mutes, Zuntz considers, a crtigo to 
be of perijiheral nature, through effects on the bulbar nerve centers 

LffecI on llte bulbar centres esj'cnally on pulse and respiration 

According to Barcroft’s experience, tvciiation of tl c bulbar nerves, 
like the cerebellar disturbances, appear somewhat later than the 
cerebral sjanptonis Paul Bert has already showai that the pulse r itc 
increaserl during si i> in ranfied "ir and again decreased to normal if 
oxvpcn luhal’tiQu was given It is worth -noting that whereas the 
increase in the piil'c r-'te is slight during a decrease of pressure from 
700 to about 170 mm , a sudden incrc.e'c occurs when the pressure is 
lowered be>ond this point Kovv 170 mm pressure corresponds to an 
altitude whicli v ill cau'e the artcnal ovjgcn saturation of normal 
imlivndti.ils to drop to about 80 to 85 per cent 

Paul Bert's results, therefore, indicate that a threshold exists lor the 
action of oxv gen lack on the puNe rale, similar to the threshold found 
for the beginning of cyanosis and for the apjic trance of psvchic dis 
Itirbancts The effect of ox> gen lack on the pulse r- tc w as later con- 
firmed bj others, for instance, Bcnixhet and Higgins, Sdmeidcr and 
Sisco, and Pirlmson These investigators 'bowed not onlv' that 
the pulse ratewas iiicrcisidb> lowcredoxj gen pressure in theirspircii 
air, but also that the puh< rite dropped if air neh in orvgtn (90 per 
cent) was insinrcd Pari mson’s cxpenmenls aa of jxirticul ir inttrcit 
bi'cau'c care was tal en to exclude nnv possibilitv of autcHticgcstion 
'I he fact that increased pressure in tl c inspired .•’ir lowers the pulse rate 
IS imixirtant because it suiiporls the tluxuy e-lv meed b) lielhe end 
taken up later bv Lmdbanl, that oxv gen lark acts bv altering tlie 
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imtability of the nervous centers and not as an irritant, like carbon 
dioxide The pulse rate seldom rises above 100 However, Haldane 
reports that his pulse rate increased to 136 when the barometnc 
pressure in the air cabinet -was rather suddenly lowered to 330 mm 
(correspondmg to an altitude of about 7000 meters) Dunng pro- 
longed stay in rarefied air, or at high altitudes the pulse rate drops to 
normal in a few days, according to Haldane, Luscher and others It 
seems most likely that the effect of oxygen lack on the pulse rate is 
produced through the bulbar center A direct action on the heart, 
can, however, not be entirely excluded 
Of more fundamental importance for the organism as a whole, is the 
effect of oxygen lack on the respiration This problem has been the 
object of a considerable number of investigations, and has particu- 
larly interested the schools of Bohr, Haldane, and Zuntz As was 
found to be the case with the appearance of other symptoms of 
anoxemia, the effect on the respiration becomes manifest only when a 
certain degree of oxygen lack is reached Accordmg to observations 
of Haldane and Poulton, a distinct increase in ventilation appears 
when the percentage of oxygen in the inspired air is decreased to about 
12 per cent In animal experiments, Frankel and Geppert, and later 
Terray showed the threshold value to be about 10 5 per cent. Loewy 
demonstrated a slight increase in the ventilation even at 16 per cent 
oxj'-gen m the inspiratory air, and a distmct increase was noted when 
the oxygen percentage was lowered to 10 per cent 

The threshold value for the appearance of changes in the respiration 
is, therefore, about 12 per cent oxygen in the mspiratory air This 
corresponds approximate!}'- to a pressure of 450 mm or to an altitude 
of about 4000 meters The mcrease in the ventilation foUoiving a 
sudden change in the barometnc pressure, or in the oxygen percentage 
of the mspired air, is mostly effected by an increase in the depth of the 
respirations, although a shght or moderate mcrease m the respiratory 
rate may also take place If the oxygen pressure becomes very low, a 
decrease in the depth of respiration may ensue, so that the breathing 
becomes shallow and rapid It may be recalled that an increased 
ventilation is much less useful if it is effected by an increased rate than 
if it is caused by increased depth If the breathmg becomes very- 
shallow, it may even become less effective After a stay of longer 
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duration at high altitudes or in air cabinets with low pressure, the 
effect on the respiration is different The total ventilation is only 
slightly increased This is almost entirely caused by increased depth 
the respiratory rate may even decrease 

This IS seen in table 6 which gives the total ventilation and the 
respiratory rate in various individuals under such circumstances 
The first five observations are from the report of Zuntz and his collab- 
orators on an expedition to Monte Rosa Two are from Hassel- 
balch’s and Lmdhard’s expedition to Brandenburgerhaus, the last 
three observations in the air cabinet were made by them at the Finsen 
Institute This difference in the effect on the respiration between 
sudden changes in the oxygen pressure and longer exposure to low 
oxygen pressure is important and will be discussed in greater detail 
later 

Besides change in the total ventilation, oxygen lack causes — as 
previously mentioned — change in the respirator}’- rhythm to periodic 
breathing Haldane and collaborators observed this phenomenon on 
an expedition to Pike’s Peak at an altitude of about 4000 meters 
Haldane and Meakms found, during inspiration of air with low oxygen, 
periodic breathing appearing when the percentage of oxygen m the 
inspired air was lowered to 10 to 11 per cent. 

It seems, therefore, that this symptom has approximately the same 
threshold value as the other symptoms previously mentioned. 

Effects of oxygen lack on the metabohsm 

An important question is the behavior of the metabohsm under 
conditions unfavorable for oxygen intake One would naturally 
expect that the metabohsm would be affected earlier and to a greater 
extent by oxygen lack than any other function From the tune of 
Paul Bert it has been generally supposed that oxygen lack of moderate 
degree would cause various disturbances — ^particularly formation of 
lactic acid — in the intermediary metabohsm Determinations of the 
total respiratory metabolism under sucli conditions were undertaken 
by Loeivy in 1895 He showed that the basal metabohsm, determined 
by the total oxygen intake, did not decrease dunng stay in air rarefied 
to such an extent that various anoxemic symptoms might be present 
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In l-vblc 7 some of Loe^\•^’s results arc gi\tn togcUacr mUi srmihr 
obsen ations of Hassclbalch and Lindhard It is, however, not justi- 
fiable to conclude that a quantitative normal total otjgen inlakencccs- 
sanlv means that the o-rv gen supply of all the single organs of the body 
IS normal Only a fev observations arc at hand as to the otvgen 
intake of isolated organs during dccre'asing oxy gen pressure Verzar, 
m 1912, in BarcroSt’s laboratory, investigated the owgtn intake of 
various organs dunng decreased oxygen tension of the arterial blood 
He found the oxygen consumption of the submaxillaty gland inde- 
pendent of decreasing arterial oxvgcn tension (wallim certain ImutsI 
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Lxiitnnitnts on the gastrocnemius muscle slioacd that the oxygen 
intake dccrcasid with decreasing artenal oxygen icn'ion Hence he 
dr^vvs the conclusion that the oxvgcn tension in the muscle llisae is 
normallv either zero or ni ir zero, at any rate Ic^s than 19 mm Ex- 
pennicnls on the heart muscle were somovliat dilTicult to interjirct 
because of inevitable vamions in the .vor* of the lie'rt during the 
experiments Veraar is, bo 'ever, inclined to lliin! tbi t the conditions 
m the heart mu'cle art similar to iho't he found in the case of ihe 
fastrocndiiius muscle. -\s to the 1 idney «, detreastd nttcnal oxygen 
tension evustd an incu'se in the arrounl of oxy ; e.i u cd bv the organ 
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In his book on the capillaries Krogh points out that experiments made 
in his laboratory by Gaarder also seem to indicate that the oxygen 
tension of certain tissues may be zero That a decrease, first in the 
arterial, and consequently also in the capillary oxygen tension, neces- 
sanly must result in a decrease in the oxygen supply of these tissues 
where the oxygen tension normally is zero, is demonstrated by means 
of this formula, taken after Verzar. 

Q^d{P -p) 

where Q is the amount of oxygen which passes per unit of time, from 
the capillary blood to the tissues, diso. constant, P and p the oxygen 
tension in the capillary blood and in the tissues respectively If P 
decreases Q can remain normal only if p diminishes parallel with P. 
This is, however, impossible if its normal value is zero 

It is interestmg in this connection that muscular fatigue is one of the 
most constant symptoms in man during stay at altitudes great 
enough to produce the previously mentioned anoxemic symptoms It 
seems as if the feeling of fatigue appears earher (that is at a lower 
altitude) than the other anoxemic symptoms Barcroft states that 
symptoms of fatigue usually appear at an altitude of 3000 meters and 
are always pronounced at an altitude of 4000 meters That it is not 
simply due to overexertion is seen by the fact that it is present after 
rest and also in the morning. Whether it is of muscular or of nervous 
origui IS not known 

Fatty degeneration as an ejpfect of oxygen lack 

It is well known that lack of oxygen may cause fatty degeneration 
of vanous tissues It seems important that the myocardium is one 
of the organs which in anemia are affected earliest and most markedly. 
The cause of this is generally beheved to be insufiicient oxygen supply 
due to the low concentration of hemoglobin in the blood The results 
of Verzar’s experiments are also interestmg m that respect It is, of 
course, worth emphasizing that the heart muscle never is at 
absolute rest and therefore, even under the most favorable conditions, 
needs a considerable oxygen supply Fatty degeneration is found not 
only in anemia (anemic anoxemia), Lewinstem has produced fatty 
degeneration in rabbits by keeping them imder low barometric pres- 
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swc, and \on SchroUci found marked fattv dcgencriUon m Uic 
muscles of guinea pips 1 opt for three da>s under a pressure of about 
300 mm Hp , corrcsiroiiding to an altitude of almost SOOO meters 
That fall) degeneration in anemia ma\ du clop in a short time is an 
old clinieal experience 

Itisnotacia lilcl) that parcnclijaiiatous fatt} degeneration occurs 
under the conditions to i hidi mcmhcis of mountain expeditions and 
of air cabinet experiments hast been exposed 

Effect of oxygc), lad. on the captllancs 

Changes in the state of the capillaries arc of importance for the 
regulation of the blood supply to xanous regions of the bodj and also 
for the appearance and degree of c>an05is, because the filling of the 
capillaries is as pointed out bj Van Sljkc and m>’sclf, undoubtcrilj 
the most important modifying factor in the production of cjanosis 
Krogh and his pupils ha\c invcstigaterl the ellccl of oxj’gen lack on 
the capillaries in isolated organs of animals, and Licbcsnj and Ltlschcr 
hare studied the condition of skin capillancs in man under \anoua 
barometric conditions As a a* hole it seems as if the state of the 
capillaries is little affected bj oxjgcn lack of moderate degree 

Effect of acute and d route lad, of oxygen 

It has ahead) been mentioned tli’t the effect on a enlilation of low 
OX) gen pressure in the inspired air is more pronounced if the change in 
the barometric pressure is sudden than if the change is sloul) estab- 
lished Similarlx the effeet on xentilation is much less marked il the 
India idual has been exposed to Ion barometric pressure for some time 
A similar difference is not cel as to the hehaxior of the rc-piratoty 
quotient during a quite aaitc and during a more chronic stage of 
anoxemia Haldane and Poulton slioncd in 1907 fhit the rcspintoc) 
quotient sioiild rcaeli a acr) high figure— bctixcen ? 75 and 3 during 
thi initial part of an acute lack of ox\ I'cn \t the same lime Uic 
\intilation vas xer) ni.arktdlx inma'cd 'Ihis xxas. hoi excr, only 
trans'cnt, after a short lime (less tiian half an hour; the quotient i as 
iiithm notmel xakics and the xcntdaiion not matkevll) increased 
Such an nbaormall) high respirators quotient (alioxc 1) is met 'Tiih 
under xanous conditions It n.ax be due to - xolunlanh proluce-vl 
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h 5 ^erpnoea, or it may be due to a converting of carbohydrates into 
fat. In both instances the increase in the quotient is, however, much 
smaller. An increase to about 3 can be due only to such a disturbance 
in the acid-base equihbnum of the blood that the body for some reason 
or another must get rid of a considerable part of its carbon dioxide 
This is further demonstrated through the behavior of the tenson of 
the cabon dioxide in the alveolar air in people exposed to air with low 
oxygen tension In such persons the alveolar carbon dioxide tension 
drops down to two-thirds of its normal value in the first days of an air 
cabinet experiment The fall in the tension goes almost parallel with 
the decrease in the barometric pressure The final pressure is 450 
mm corresponding to an altitude of between 4000 and 4500 meters 
How are these effects on the respiration to be explained? The increase 
in the ventilation and the low carbon dioxide tension have until the 
last few years been attributed to an increase in the hydrogen ion 
concentration of the blood, that is to say to an acidosis By this 
acidosis the stimulus of the respiratory center was raised and an 
increased ventilation ensued As a result of this increased ventilation 
the carbon dioxide was washed out first from the lungs, thereafter 
from the blood Consequently the hydrogen ion concentration of the 
blood would decrease until a new equilibrium was established at a 
reaction a tnfle more acid than normally When this equilibrium 
was established the ventilation would diminish towards a normal, 
and the respiratory quotient would reach its usual value The 
alveolar carbon dioxide tension naturally would remain low This 
h 3 q)othetical acidosis was attributed by Haldane to production of 
lactic acid, which — as shown by Fletcher and Hopkins in 1907 — is 
produced if a muscle is contracting under anaerobic conditions 
However, Ryffel failed to find any lactic acid in blood or urme of 
individuals who were exposed to rarefied air Later Hasselbalch and 
Lmdhard demonstrated — as shown in figure 6 — a moderate decrease 
in the output of ammonia in the unne dunng stay m an air cabinet at 
low barometric pressure This has been confirmed by Haldane, 
Kellas, and Keenaway 

Hasselbalch and Lmdhard consider the decreased NHs output a 
direct result of an injury to the liver caused by lack of oxygen It 
seemed natural that such a decreased production of this very impor- 
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tant base might result in an aadosis Tlic\ , therefore, '>ttnbuted the 
aadosis under such conditions to dimini'hcd production of bast end 
not to increased acid production Houtaer during the last feu 
\ears, Yandell Henderson and Haldane ha\c, independcnth of cacli 
other, performed a long senes of expenment.- theresulls of uh’di ha\e 
led them to a ncu theor> about the aad-bast equilibrium dunnp ot\ gen 
lack Their tlicorj. is, to a certain extent, in accordance vath the vicv. 
points onginaily set forth bj Bftiic and supjvirtcd b> Lindhard's 
inacstigations Thej assume that anotcmia causes an increased 
cxatabilitj of the respirator} center Tlic result of this is nccess-’nli 
an increased \cntilation This results in a v ashing out of carbon 
dioxide Thcrcb} is the normal h}drogcn ion concentration decreased 
until tlic establishment of a blooil reaction a little more alkaline than 
usual IS effected In this ua} a ntu cquilibnum bctuccn the respira- 
tor} stimulus and the excitability of the center is bmiight about Tlit 
result as to tlic blood reaction is a slight all alosis Conclusis c deter- 
minations of the h}droccn ion concentration of the blood arc not at 
band And it is, as Haldane rcmarl s— not \cr} hi cU that tli<} can 
be produced b\ our prc-'ont technique, because tlic respirators' center 
16 mucli more sensitise than oar best apparatus for direct determina- 
tion of the reaction of tl c blood 

More rcccntl} doubt lias been expressed L\ rumcro,is iinestigato"s 
as to the aaliditv of the alkaIo=is theon oi Henderson and Haldane, 
Gc«ell, Koehler, Schneider and others Schneider thinks that see oral 
experiences from xartous mountain txjHditioas can hardh be ex- 
plained b\ assuming an alkalosis to be present in the blood Be that 
as it may, it is at any r-'tc beymnd doubt that ue mu-t disti-euish in 
anoxemia bci cen a group seaiqitoms caused In a di-tu-lmcc of 
the nomi-’l cquilibnum bell ern the respirato'y center ■*nd its stimuli, 
and another group ol ssmptoms r'uscd by a mom [mrar.cnl dis- 
turbance of tl c oxygen suppU of certain cirgrns The first g-oup of 
svanploras is dmlincl only if tre change in ovygm pre^ are in the in 
spired air m x cry sudden, d it lasts only a s*'ort lt.rc The*} eon- 
stilutc \ hat ' c may <nU the fir-t pha't m rnoicinia \r an jagous 
cordition is met xnth ir changes ot tl c We tmp^mtiife i 1 ich i% 
mother important constant of the l«>dy \Vc laxe to dist .ige'-h 
btt,tccn sxanptoms our to tlr raow—rrt of ihr ’.j-f, tmujiratiirr 
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from one level to another, and symptoms produced after the new 
equilibrium has been established And just as only sudden changes 
in body temperature cause sweat and chill, it is only sudden changes 
in the oxygen tension of the inspired air which cause distinct hyper- 
pnoea and increased respiratory quotient 

In addition to the two phases of anoxemia already mentioned, there 
IS a third phase, which is characterized by an acclimatization to the 
new conditions on the part of the body How this acclimatization is 
brought about and how soon it can be established we do not know It 
IS present in inhabitants of high altitudes and in patients with certain 
heart lesions, particularly in heart lesions of congenital nature Under 
these conditions a distinct polycythemia is present and possibly an 
increase m the total amount of blood in the body Of the anoxemic 
symptoms, at least cyanosis is present, about other anoxemic symp- 
toms nothmg definite is known bedause these conditions are very 
incompletely studied in this respect There are a few observations 
at hand, which seem to indicate that this third phase may be estab- 
lished in a relatively short time In the report of the Himalaya 
expedition of the Duke of Abruzzi, it is stated that no anoxemic symp- 
toms were present even at an altitude of much above 4000 meters, the 
usual threshold value for the appearance of anoxemia 

In an expedition to Pike’s Peak by Haldane and others, it was ob- 
served that the anoxemic S5anptoms, including even the cyanosis, dis- 
appeared in about four days This they explained by assuming an oxy- 
gen secretion by the lung epithehum On the other hand, experiments 
are on record (Hasselbalch and Lindhard, Barcroft) where no accli- 
matization had taken place after about one week. The problem of 
how the body acdimates itself to anoxemia is of great importance in 
human pathology, particularly in respect to certain heart, lung and 
blood lesions In an acute disease, it is presumably of less or no 
importance, and we shall therefore not discuss it m further detail 

Resume 

We have so far in correlating the anoxemic symptoms with the 
incomplete oxygen saturation of the arterial blood, expressed the 
oxygen saturation in terms of volumes per cent or of per cent of 
saturation However, this is justifiable only so far as the anoxemia is 
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indircctK due to the arterial oxjgcn dcfiat To be quite correct 
all the .inoxemic s>'niptoms are directly dependent not on the condi- 
tion in the artencs, but cxclu<n\cl\ on the conditions in the capillancs 
And all anoacinic sjoTiptoms — except the cj anolic color— are depend- 
ent not on the amount of capillary ox) pen, but on its tension, v Inch 
together v ith the oxj gen tension in the tissues determines the tissue 
sujipl) of oxvgen For that reason, general anoxemia jnaj occur in 
all conditions iv here general cipillarj oxj gen tension is too Ion The 
effect of localized Ion oxj gen capillar) tension has so far been studied 
acr) little Its importance depends partlv on the find of organs 
affected \tprcscntnc shall confine oursches to general anoxemia 
Barcroft has subdmdcd anoxemia into three groups according to 
the bccondaiy causes of the condition (1) anoxic anoxemia, (2) 
anemic anoxemia, and (3) stagnant anoxemia, i c , anoxemia found in 
stasis and sIoi\ circulation 

^\cha^c confined oursches to a discuasion of the first type of anoxic 
or arterial anoxemia, and so far as Uie cxpcnnicntal ports go, v c have 
discussed only anoxcmic conditions caused by Ion ahcolar iiressure 
(compare diagram D m figure 2) In prinaplc, all forms of anciscmix 
are proh,ibly equal, and dependent soieh on the capillary conditions 
riiereforc, it might seem preferable to correlate the condition of the 
oxxgen in the capillary' blood Mith the clinicnlh observed anoxcmic 
svmploms It is, hov ever, impossible to obtain true capillarv blood 
(nliicli in itself x-ancs from artcml to xenons) v ith our present 
technique Mpllcr and I found cutaneous blood to be saturated xvath 
oxvgen to the same extent as artenal bloo<l 

1 urthemiorc the oxvgen in the arterial blooii is more directly 
influenced by pathological processes in the lungs than is the oxygen in 
the capillary blood For these two reasons it is not onh necessary 
but prolnbh also advantageous to express arterial svturation in 
xoluines per rent a-- the plixsiologu,al basis for an analv sm of anoxmiie 
svanptoiiis in lobar pneumoni-’, where it is unqucstionnbh decreased 
arterial oxxgcn saturation which is resjieinsible for the phy^'io'opical 
disturbances in the cajnlhrics, which in tuni cause tlie sx-nplo.n 
compk'x called anoxnma In condusion, 1 would again call atten 
tion to t tblcs 1 and t In table 1 arc gixcn the fi; vires' fort! e artenil 
oxvgen saturation in a sene' of paiirnts suffering freen lobi' pneti 



368 


CHRISTEN LHNDSGAARD 


monia Table 5 gives the arterial o:^gen saturation in a series of 
normal individuals at an altitude of about 4000 meters which indi- 
cates, as we have tried to show, approximately the threshold value for 
the appearance of anoxemic symptoms A heavy line on table 1 
indicates approximately the oxygen saturation below which we might 
expect anoxemia m pneumonia 

Pneumonia patients shoeing an arterial oxygen saturation lower 
than about 80 per cent are therefore under more unfavorable conditions 
so far as oxj’-gen supply of the tissues goes than normal people at an 
altitude of about 4000 meters 

In order to make it clear to how great an extent the hemato-respira- 
tory functions in a pneumonic patient deviate from normal conditions, 
I have calculated by means of a formula introduced by Van Slyke 
and myself the blood fraction which could pass from right to left 
through a defective ventricular septum of the heart before the oxygen 
saturation of the mixed arterial blood went below 80 per cent This 
would, if the concentration of hemoglobin remained normal, be 
about 33 per cent of the total amount of blood traversing the heart 
It is quite astonishing that there is present in one-third of the patients 
m table 1 an arterial oxygen imsaturation greater than that observed 
in normal individuals who are at an altitude of about 4000 meters or 
who are exposed to only 14 per cent oxygen in the inspiratory air, 
and greater than the arterial oxygen unsaturation caused by septal 
defect large enough to side track one-third of the blood from the lung 
circulation 

Every mdividual suffermg from pneumonia has to struggle with an 
mfection which in itself may be serious enough A number of these 
patients have to fight under a condition of anoxemia which at best 
can never be favorable, and which m some instances may be the leak 
that sinks the ship. 

II THE EFEECT OF ANOXEMIA IN LOBAR PNEUMONIA 

The problem which we shall now discuss is To what extent can 
symptoms, occurring in patients with pneumonia, particularly of the 
lobar type be attributed to anoxemia> 
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C-^ attests 

It V xs prcAiouslv stated that the occurrence of the c>anotic color 
IS dependent on the presence of reduced hcmoglohm m the capdiarj 
blood Other things being equal the intcnsitj of cianotic shin color 
increases evith the increase in concentration of reduced hemoglobin 
after the threshold aaluc, about 6 to 7 aoliimcs per cent of oa>gen 
unsaturalion, has been reached llie other anoacmlc sjmptoms 
dependent probabK on the supple of oxygen to the tissues presum- 
ablt depend on the fall in the arterial o\->gen tension intliccapillarj 
blood After the threshold has been passed, these symptoms inacasc 
in intensity vith decreasing oxygen tension In normal mdisiduals 
with normal concentration of hemoglobin in the blood it so hvpjicns 
that the threshold for the appearanee of cy anosis and for the appearance 
of other anoxemic syanplo.ns is passed at approximately the s,ime time 
The result of tins is that the presence or absence of cyanosis indicates 
wlicllicr the physiological condition (i e , n sufncicnlly low capillary 
oxj gen tension) for the dcxelopmcnt of tl e other symptoms is present 
or absent It is justifiable to assimic that in most patients with 
pneumonia a similar p irallehsin between cyanosis and other anoxemic 
symiitoins is present The reason for this is that both abnoniialities 
(cyanosis and other anoxemic symptomsl are the result of the s.mie 
pathological conditions, namely, the decrea'id arterial oxygen satura- 
tion, xxhich IS in turn caused by pulmonary insufiiciencx Tothe 
same extent that this parallcli'in isjirt'mt it i'- fair to consider c\ ano 
SIS a symptom of general anoxemia Mthoiiuh this is in i-ain true, 
arlain cxecjilions must he kept in mu d by the ehnici m who wishes 
to use the cxanotic color as a diagnostic guide 
Cyanosis may he present without fieirg nssoarled with gi ural 
anoxemia m 'eaeril conditions, x Inch fdl info four groups (It It 
the Cyanoiic color is r purtlx local pluromenon due to ahnonrallx 
incre.ised deoxidation of tlie normaUx saturated xrtcnal lihioel huch 
a local i CToexanosis is not xerx uncemmon txen in otlurx.isc normal 
indixiduals and U c-xn he os umtd tli’t u aIws w i\ he found nox xnd 
then m patunls x ith pncumniiH (2) If the exaro is allpe'•-^ nl a 
sinallir roncentrslion of reduced hrrnojlohin m the cainUarit than 
usual, due to an increased infiuenrt of tt c w ealUd tnotluying factors 
Stasis, itictcased nurhi- of hltKvJ filhd capilbruc tU U lot 1>trn 
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generally assumed that a cyanotic color in pneumonia was due in the 
majority of cases not to respiratory but to circulatory disturbances, 
that is to an insuflaciency of the heart If this were true, stasis and 
increased penpheral deoxidation should be looked upon as the most 
important factors in the production of cyanosis in pneumonia. How- 
ever, dinical investigations by Petren and determination of the blood 
gases in pneumonic patients by Stadie, le Blanc and myself have 
shown that a more than purely local cyanosis found in pneumonia is 
practically always due to respiratory disturbances, which through 
insufficient oxygenation give rise to abnormally decreased arterial 
oxygen saturation (3) Cyanosis may be observed without the 
presence of other anoxemic symptoms m patients with chrome cyano- 
sis, This is seen in certain congenital heart diseases and probably also 
in some cases of emphysema (4) Cyanosis without anoxemia might 
be caused by the so called Bohr phenomenon Bohr and his asso- 
ciates Hasselbalch and Krogh made in 1904 an observation which 
became of fimdamental importance and is often referred to as ‘'Bohr’s 
phenomenon ” They showed that increased carbon dioxide tension 
of the blood would cause an increased tension for the same amount of 
oxygen present 

If, in pneumonia, an increased hydrogen ion concentration, an 
acidosis, occurred at the same time as an insufficient artenal satura- 
tion it might be assumed that oxygen tension in the capiUanes might 
be kept sufficiently high to secure an adequate oxygen supply to the 
tissues even if the concentration of reduced hemoglobin in the capillary 
blood had passed the usual threshold for the production of cyanosis 
This problem, important in heart disease espeaally in relation to 
treatment with carbon dioxide inhalation seems purely theoretical 
so far as pneumonia goes, because Hastmgs, Morgan, Bmger and Neill 
have shown that if any change takes place in the reaction of the blood 
in pneumonia, a very slight alkalosis is found 

In the conditions encountered in these four groups, anoxemic symp- 
toms (except cyanosis) may be lacking either because the decrease 
m the tension is too small, or because it affects too few organs of impor- 
tance, or because the organism in some unknown way, as in chronic 
cyanosis, acchmatizes itself to the abnormal conditions In acute 
pneumonia patients vnthout heart insufficiency, emphysema or poly- 
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cjUiemia, a general c> anosis indicates that the artcnal o\>gcn satu- 
ration has decreased to S5 to 80 per cent and that the pathological 
conditions essential for the production of Uie other anotemic ^Tnptoms 
may be expected to be present 

On the otlier hand cyanosis ma> be absent in cases vhcre other 
anoxemic symptoms arc \ cry marked, these cases fall into tn o groups 
r irst, this IS seen in see ere anemias It has been slioivn that c> anosis 
does usually not dcaclop in patients with extreme anemia because the 
concentration of reduced hemoglobin cannot pass the average 
threshold value for the development of a cyanotic skin color And 
the more marked Uie anemia (and therefore the anoxemia) the kss 
marked is the tendency to cyanosis, a fact which of course is of great 
unportance for the functional diagnostic value of cyanosis in anemic 
conditions How cv cr, a presence of anemia is casilv recognized cither 
by simple observations or by a determination of the hemoglobin 
Secondly anoxemia without cyanosis is theoretically possible in cases 
of alkalosis This is due to the Bohr effect Due to a very low 
carbon dioxide tension in the blood tlic oxygen tension may become 
abnormally low even if oxygen content is normal For that reason 
the capillary blood may' be unable to give off sufTiacnt oxvgcn to llit 
tissues A condition of alkalosis is rare It has only been observed 
once (Bingcr, Hastings and Neill) in connection w itli pneumonia, and in 
this case it was due to administration of bicarbonate of soda to the 
patient over a considerable tunc In carbon monoxide poisoning a 
somewhat analogous condition is met wath and the skin color may be 
even more red than usual in spite of dangerous anoxemia It is 
therefore justiliablc to state that absence of cyanosis m patients with 
pneumonia evcludcs anoxemia unless the cose is complicated with 
severe anemia, alkalosis, or carbon monoxide poisoning Tic ahsciicc 
cr f reseller oj c^ancsts, therefore, indicates u. t! e 11 ‘ajcnh cf fn’c’iiroutc 
patients the absence or presence of t! e fl ^stolontca' coi d tioi s rcccssary 
for the declopii'eiil of most other auoxartc synptoirs Ver thri reason 
and lecause cyanosis IS easih rtcop tzalk’esti out aif, spcaal apparatus, 
itisasyn p tom of great fundamental dn!;i!Ostic n.pnrlanceii' pre tmor,,,-' 

I requeue'! of cyai ons t pi nn onia 

Tint It IS of great import ince to asecrtain hoi frcquentlj a cvanoitc 
color IS prtsdil in pneumonia is seif evident bo far relativcK' few 
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observations on this question have been published In 1239 cases 
collected from the literature, Norris found C3^anosis m 119 cases (10 
per cent) Lyon found the symptom in 9 per cent of 109 instances of 
lobar pneumonia in childliood The mortality of these cases was 4 5 
per cent In 658 cases, collected from Johns Hopkms Hospital, 
Chatard found, as shovm in table 8, cyanosis in 33 per cent A 
marked cyanosis was present in 12 per cent The total mortality in 
Chatard’s cases was 31 per cent Of the cyanosed patients 43 per 
cent died 


TABLE 8 

Frequency of C'^amsts and changes m rcsfnralton tn 638 patients with lobar pneumonia in the 
Johns Hopkins Hospital, Baltimore, Md {Chatard) 


KUlt- 


Nim- 

B£& 

PER 

CEVT 

KUU- 

SER 

DIED 


Jfild 

134 

20 3 

58 


Pronounced 

81 

12 2 

35 


D)'spneic 

367 

55 6 

140 

AZQ . 

Strenuous 

165 

25 1 

71 


ShaUo^ 

35 

5 3 

20 


Periodic 

6 

0 9 



30 

48 

7 5 



30-40 

208 

32 3 



40-50 

192 

29 9 


. 

>50 

195 

30 3 

m 


Cj-anosis 


Oiaracter of respiration 


Respiratory rate 


According to Cole cyanosis is an almost constant symptom in all 
severe cases of lobar pneumonia De la Camp and Morawitz in 
their articles on pneumoma in Kraus and Brugseh^s and in hlohr and 
Staehehn’s handbooks respectively do not make any statements as to 
the frequency of cyanosis in pneinnonia It would be highly desirable 
to obtam accurate numerical information about tlie frequency of 
cyanosis in pneumonia and its relation to the other symptoms and to 
the various anatomical states of disease, If one should try to estimate 
the frequency of cyanosis in pneumonia from the rather incomplete 
information now at hand, one nould say that it is present in at least 
10 per cent of all cases This figure is, however, undoubtedly too 
small The mortahti^ of the disease is approximately 20 to 25 per 
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cent and in almost all these cases cjanosis occurs aUhcmi;h probabl) 
not ah ajs due dircctU to respiratory insuiTicicncj Cjanosi«, 
usually of rcspiratorv ongin is furthermore met with u\ a number of 
patients who rcco\ cr It is prob ibl> justihabk to assume that cj ano- 
sis (of re'^iiratorj origin) occurs in about 20 per cent of all patients 
with lohar pneumonia 

7 Lc cItricaJ fccoq/.i/ioi' of f\atto^^s 

We shall not in this place enter into details concerning the clinical 
recognition of the presence and degree of a cyanotic color This is 
best discussed in connection w iih bedside obsen ations Kinpliasis is 
required on the fact lint in deciding the question of the jiresencc or 
absence of the ph\ siological conditions for dc\clopment of anoxemia 
one can find Iiclji from the presence or absence of cy anosis only if the 
clinic il obscrx alion of the skm color is done as carcfulh as the stetho 
scopical examinations of the lungs 

Ps\cliic di<ltirhanecs iH pi ctimor'a 

As to the occurrence in pneumonia of cerebral and ccrcbtlhr 
ano'emic svniptoms, only xerx little and not x cr\ precise information 
IS xtt axarlablc in the literature Psychic di-'turiniices of xarious 
kinds art Ii\ no means infrequently seen m patients \ illi pneumonia 
In the more «e\ere costs such symjitoins arc almost always obsen cd 
often in a veiy pronounced degree Tliisi symptoms arc as i whole 
of the s-unt rather indcfimlc nature as those found in expermicnlai 
anoxemia It is, therefore, at any rate not iinpossihle ih it anoxcinn 
mav pKy a caiisaliic rile m the dceelopnltnl of these sxmptoms 
On the other hand similar symptoms may be obsen cd in other acute 
mtccliDus <listases,\ here there is no dislutbance in the oxj gen supple 

"1 lie ]«\ chic disturlnnces cncountcrcil in pneumonia are usually of a 
delirious chancter, they may txin lie so pronoumtil tint the inlicnts 
Icaee the bed end in to jump out of tin enndows \t cl ceen it 
patients sceertly ill from pnemronn, arc not sbsoluttK debnous, thee 
art xtry often unreasonable nnd »hoa a riaritd lack of jaditTrent 
Jn»omnin, txcuabilue , and a certain 1 ind of npjifchcr ion are not 
mfreqvicnl 
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In the so called asthenic pneumonia, a name used first by Leichten- 
stein in 1873 to designate a certain atypical form of pneumonia, 
psychic disturbances are almost constantly present. A subdivision 
of this group is even termed the cerebral form of pneumonia These 
atypical forms differ in several respects from the usual type of lobar 
pneumonia Their etiol ogy is often and their pathology almost always 
different. A number of cases of asthenic pneumonia therefore arc 
not of the lobar type, many do not show a fibrinous exudate in the 
alveoli and most of them are probably not caused by pneumococcus 
Cases of infiuenaal pneumonia usually belong to this asthenic form, 
It is of considerable interest in regard to our problem that marked 
cyanosis and pronounced psychic disturbances are found together in 
a very large nmnber of these patients. And it is a rule that the more 
marked the cyanotic color the more pronounced is the psychic dis- 
turbance It is of importance that a few observations are on record 
where psychic symptoms disappeared or became less marked during 
oxygen inhalation therapy. Meakms, Barach and Woodwcll, and 
Stadie have desenbed such cases where the effect of oxygen therapy 
suggests strongly that psychic disturbance in pneumonia patients, 
such as delirium, excitabihty and insomnia may be of anoxemic nature. 
It is to be hoped that if interest becomes centered on this important 
question, future clinical observations may bring clarity into the 
problem of to what extent psychic disturbances in pneumonia patients 
are due to anoxemia. 

P-idse rale and anoxemta 

In viev/ of the fact that the increase in pulse rate observed m 
experimental anoxemia is rather small and usually transient, it is 
a priori not very likely that increase in pulse rate in pneumonia 
patients is due to anoxemia We know, furthermore, that an increased 
pulse rate by no means is confined to cases showing cyanosis, which is 
in most cases, as we have pointed out, our clinical criterion of the 
presence of the physiological conditions necessary for a development 
of anoxemia However, the fact that a drop in the pulse rate has been 
observed dunng oxygen treatment suggests that anoxemia may in 
some instances be partly responsible for the increase in pulse rate. 
Stadie observed for instance a drop in pulse rate from 160 to 120 
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following effective orvgen treatment Wlietlicr this ctTcct is due to 
an action on the bulbar center or •whether it is a direct effect on the 
mjocardium is unknown 

Pcnphrrol ctrcuMioii 

Besides being of importance for the cflicicncy of the arculation, 
the behavior of the (skin) capillanes is of moment for the dc\ clopment 
of Q anosis The few obsers ations hitherto made on tiic capilhrics 
in experimental anoxemia make it unlikely that an\ abnormalities 
asliidi future investigations mav' reveal in the behavior of capillaries 
in patients wath pneumonia can be ascribed to anoxemia^ 

Respiratory disturbances 

The bchavnor of tlie respiration in pneumonia is of llic greatest 
scientific and practical importance fact at the same time a 
demand for an increased rcspiratorv activitt and a more or less 
impaired functional power of the lungs An increase in tlit rcspiratorv 
rate is well known to be one of the most prominent svanptoms in 
pneumonn If compared with pulse rate or temperature elevation 
the increase in rcspiratorj rate is less marked in most other febrile 
diseases In table S is given the frequency of respiration m OSS 
pneumonia patients collected bv Chatard Is Uiis pronounced 
increase in respiratory rate entirely or partly an anoxcmic symptom’ 
Tliat It IS not solely due to an incrcised imtabilitv of the rcsjnratory 
center through o'xv gen lack may be concluded from the fact lint an 
increased rate of respiration is ob'=crved abo in non cvanolic patients 
And in most of these eases w e may assume that ev ell if an oxv gen lack 
IS present it has not reached tlic mtensitv required for dev clopment of 
anoxcmic rcspiratorv svanptoms I urthermore there is a marked and 
very important difference in the character of the respiratory disturb 
anccs ob'crved in experimental anoxcania and in pnturaonea 
In anoxemia produced in normal individuals by inspiration of air 
With low oxv gen the diatigc in respiration is, as shown in tible <>, 
usually not Very pronounceal and m-’inh characterued by an increiS'vi 
depth of rt-.ptration In pneumonia it is different The depth of 
respiration is cithir nonn"l or-mo^l fte-qucnlly — rlimmrhrtj An 

incrc-vs'd venlihtio.i is in almost all mst'<nees due to nil iiiHear'^l 



376 


CHRISTEN LUNDSGAARD 


rate The importance of this difierence for the efficiency of the 
ventilation is extreme, as previously pointed out Does that differ- 
ence in the mechanism of the increased ventilation in experimental 
anoxemia and in pneumonia prove that the respiratory stimulus is 
different in the two conditions^ Not necessanly, because it is natural 
to expect that local pathological processes present in the lungs of 
pneumonia patients might in some v/ay or another modify the response 
of the respiratory center to the same abnormal condition in the blood 
(decreased oxygen tension) . Several possibilities suggests themselves 
In the first place one might consider the mechanical conditions within 
the lungs Is it not possible that diminished lung volume and impaired 
mobility simply prevent pneumonia patients from increasing the 
respiratory depth or even from retaining the normal depth? It seems 
a -pnori natural However, observations are at hand which point 
strongly against this explanation We know that processes of non- 
pneumonic nature may encroach upon the air spaces and hamper the 
mobility of the lungs mthout preventing an increased depth of 
respiration imder conditions where such an mcrease is demanded It 
has furthermore been observed by Binger and Brow that the depth of 
respiration may increase considerably immediately after crisis, that is 
at a time when the consolidation is still present m the lungs In the 
second place one might attribute tlie superficial respiration to pain 
which we know as a cause of superficial respiration in cases of, for 
instance, pleurisy, injury to the chest-wall, etc The fact that mor- 
phme in some cases of pneumonia may increase the depth of respiration 
might also point to pain as the cause. However, various circumstances 
point against this explanation Superficial inspiration is by no means 
confined to patients in whom respiration is pamful (usually on account 
of pleurisy) Shallow breathing does not cease during sleep, which 
shows that the shallow breathing is at any rate involuntary. Recent 
studies of the action of morphine on the respiration from Richard’s 
laboratory seem to offer another explanation of the influence of 
morphine on respiration sometimes seen in pneumoma patients 
Various investigations, mostly of recent years, suggest strongly 
another way m which local pathological processes in the lungs may 
influence the respiration and therebj’- profoundly alter the response of 
the respiratory mechanism to either a normal or abnormal hormone 
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stimulus It might be helpful in the discussion of this problem to 
recall a fe\\ important points in the histone cleielopmenl of our con- 
ception of the maintenance of the respirator) rhjthra Three main 
penoels are more or less distinct Galen considered the rcspinlor) 
rhvthm to be an original \oluntan act which has become a habit 
The second penod developed vvilh ncnc ph)siolog> In this penod 
in the first place the existence of a respiratory center in the medulla 
oblongata was recognized, m the second plate it was shown that the 
activat) or slate of this center was influenced by vanous nerve im- 
pulses of rcflc-x nature By means of these reflexes the respiratory 
rhythm was maintained in its normal stale or eventually altered 
The most important of these reflexes was the so called Henng-Breuer 
reflex According to investigations by Hcnng and Breuer in 1S6S 
and by Head in 1889 the rtcpiratory thy thm is maintained smiply 
through the action of two centripetal nerve fibers in the lung v igus 
These nerve fibers act on the respiratory center like a switeliboard and 
initiate inspiratory and expiratory mov cments respectively aecorcling 
to the dilatation or compression of the alveoli 

The third period reached Us summit when the conception of hor- 
monal action became introduced into medicine It is eharacterizcd 
by a tendency to consider respiration to be almost cxclusiv ely regu- 
lated by stimuli earned to the respiratory center by tlie blootl This 
conception can be traced as far back as 1862 to two observations, whidi 
later on were recognized to be of fund.imcnta! nature One was 
Rosenthal’s demonstration of the ccssition of rcsjnration after the 
forced deep respiration, a condition which he icnncd apnea The 
other was Traube’s observation that apnea might be produced also 
if hvdrogcn or nitrogen w vs inspired This led Traubc to cons.der 
carbon dioxide the stimulus to the respiration However, it was fint 
after the quantitative demonstration bv Haldane and I’ricstlev w 
190i of the effect of carbon dioxide on the respiration ihit thc'e 
viev|)oints gained ground .md began to inspire people to further 
mveatigation of tlie problem 

A further supjiort was given this theorv by ibc demonstration, In 
Hasselbalch and myself m 1912 of the poy-dnlitv of exjibimiig this 
effect of cirbon dioxide through clnngc-, in the hvdro, rn ion roacen 
f ration of the blood vhuJi actonliim to our v le w should be lonsidcicd 
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the adequate stimulus of the respiratory center At the same time 
great progress was made in biological chemistry and it was quite 
natural that a tendency should prevail to ascribe most respiratory 
disturbances exclusively to changes m the reaction of the blood The 
interest in the influence of the nervous system on the respiration was 
rather small in that period However, the importance of hormonal 
stimulus for the activity of the respiration undoubtedly has been 
overrated at the expense of the stimulus of nervous origin. In the 
first place vanous pathological phenomena cannot be explained solely 
as a result of hormone changes, and second, several important obser- 
vations point directly to a greater influence than usually assumed, 
on the respiratory changes from stimuli through the nerves and m 
particular through the vagi Alcock and Seeman demonstrated in 
1905 the presence of a demarcation current in nervi vagi even during 
normal respiration Scott showed in 1908 that hormone stimulation 
of the respiration had a diflferent effect accordmg to whether the lung 
vagi were intact or severed In the first case a hormone stimulation 
of the respiratory center increased the ventilation through mcreased 
depth and through increased rate as well In the last case only an 
increased depth was seen These experiments suggest that hormonal 
stimulus from the blood increases the depth whereas stimuH travelling 
through vagi from the lungs affect the frequency The nerve stimuli 
probably cut off the depth before the chstension of the lungs has 
reached the limit set by the mechanical structure of the chest 

Of particular interest for our conception of the influence of the vagi 
if pathological processes are present in the lungs are a series of investi- 
gations by Porter and Newburgh. They found that mcreased depth 
of respiration, which normally is the result of carbon dioxide inhala- 
tion, could be demonstrated in pneumonic dogs if the vagi were cut 
They also showed that dogs suffenng from pneumonia did not show 
any marked mcrease in the respiratory rate if the vagi were cut In a 
later publication they demonstrated that the respiratory rate in 
pneumonic dogs would drop from 60 to about normal if the vagi were 
cocamed In Porter and Newbiugh's experiments pneumonia of 
lobar type was produced by the FnecUander bacillus The problem, 
why increased lung ventilation m some conditions — as for instance, 



ANOXEMIA IV LOBAP PNFUMOMA 379 

(habctic acidosis and moderate anoxemn— is effected niainh through 
incrcabcd depth and in olJicr insfancts— as for instance in pneumonia, 
and in some heart cases dunng excessuc excrasc~is effected mainlv 
through increased frcquoiic>’, is undoulitedly a \cr) complcr one 
It seems almost certain that processes in the lungs of inflammatorj 
origin may through tlic ncm %agi affect the respiratory center in 
such a nay’ that the ansiicr to an increased hormonal stimulus solely 
becomes increased frequency of respiration instead of merely increased 
depth One must furthermore assume that a pathological process in 
the lungs may change the ansiier to the normal stimulus, so that the 
frequency of respiration may inert osc before the oxygen lack has 
passed the threshold taluc for increasing the ttcilabililv of the 
center In this nay shallon brcathingmight be the cause of anoxemia 
in pneumonia on account of the prcxaously mentioned incffcctncntss 
of a respiration of small depth A combination of impaired functional 
effectiveness of the xcntilation probably caused mainly by a reflex 
from the pathological jiroccsses m the lungs and of inaeoscd hormonal 
stimulation of the respiratory center indirectly caused by tlielontred 
oxygen tension in the blood may proxc a xcry senous, at lunts cytii 
a disastrous condition to the p’'tiait Through Ibis a \iaous arclc 
mav — as clcarlv pointed out by’ the Unglisb school— be established 
an oxvpen lack, just nbo\ c the threshold, uhich in a normal indiyidual 
increases only the depth of y cntiiation slightly , max , in a p lUcnt \i ith 
pneumonia, increase the frequency and di crease the depth of respira- 
tion to sudi an cjctcnt that insuflicicni alveolar ycntihtion resulting 
in further decreased artcriil oxygen saturation may ensue This 
xacious circle the patient himself cannot, and the pliy sici in only m itli 
difficulty , lire il 

It h IS been mcntioncel lint periodic rcquralion is abnosl constantly 
seen in experimental anoxemia m nonnil indiyniuals According to 
(’halard's clinical observations (tabic S) this syarptum is ven* rare 
in pneumonia No cxpl untion can lie offered fc this fact It semis 
most hi elv that it is due to a reflex action of the respiratory cc’itir 
from the lungs Thn syanpitni, clinically jUst os ea’ilv rccotriind 
ns cyanosis therefore becornevof ycry little lunctioriol dncoostie vsduc 
m rej-ird to the presmci of arovemn m pni imoaisu 


wrpr-ve TCVv tr < 
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Oxygen metabolism in pneumonia 

It may be recalled that the basal metabolism expressed in terms of 
oxygen intake was not diminished in experimental anoxemia On the 
contrary an increase of about 20 per cent in the total intake was usually 
observed. It is natural to assume that an anoxemia of the same 
intensity does not interfere with total oxygen intake in pneumonia, 
not even in view of the fact that the fever increases the demand to a 
certain extent However — as previously pomted out — a normal or 
even increased total oxygen intake, does not prove that every single 
organ in the body is properly supplied with oxygen It was also 
pointed out that it is very likely that for instance the oxygen supply of 
the muscular system decreases when the capillary oxygen tension drops 
beyond a certain value. If in pneumonic patients similar impairment 
of oxygen supply to certam organs occurs it is of particular importance 
to two muscle groups the respiratory muscles and the myocardium, 
because the demand on both is greatly increased We shall in this 
lecture consider only the importance of oxygen lack to the function 
of the myocardium. In order to treat this obscure question intelli- 
gently it IS necessary to enter into a general discussion of the function 
of the heart in pneumonia. 

The function of the myocardium in pneumonia and its relation to 

anoxemia 

It IS generally assumed that the most direct cause of death in 
pneumonia is a breakdown of the circulation through heart failure. 
An inquiry into the literature as to the condition leading to heart 
failure in pneumonia yields very little and rather indefinite informa- 
tion Some points may be discussed We know that the strain on 
the heart muscle is increased above normal for two reasons first, 
on account of the increased temperature and metabolism, and, second, 
on account of increased resistance in the pulmonary circulation 
Wdiereas the fiirst of these reasons is evident, the last needs further 
discussion Lichtheim drew from his well known experiments in 1876 
the conclusions that the area of the pulmonary circulation could be 
reduced to about one-fourth before any increased circulatory resist- 
ance occurred Lichtheim inferred from his demonstration that the 
artenal blood pressure was maintained in his experiments Rosen- 
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bnch cnticircd Lichthcun’s condu'iions and pointed out (h-'t tlic 
artcml blood prtsiurc in his cNiJcnments might ha%e been Icpt up 
through compensatorj tasotnolor constriction and not through pas- 
sage ol a normal amount of blood through the lung remnants One 
maj add that if the pulmonara- circulation had remained quantita- 
ti% cl> normal in Liditheim’scaiiLnmtnls.his results could be caplained 
b> assuming that the heart by using its rci-erae force had overcome an 
increased resistance in the pulmonaiy arculalion 

^t anv rate in lobar pneumonia there can be little doubt as to 
the occurrence of an incrc.iscd resistance in the pulmonatj circulation 
In the first place we know that the vessels in llie afflicted parts oi the 
lungs arc considcrablv dilated On account of lack of tonus the 
dilatation can be caused b> nothing else than an increased pressure, 
sccondh , the second pulmonic sound is usuallv accentuated in patients 
unless a heart failure is present Thirdl) , Uiere is an increased frontal 
area of the heart on \ rav examination 

Tins last phenomenon shown bv Diellcn and b> Leva mav he' a 
phjsiologic condition caused bj an increased pubnonic pressure an- 
alogous to v hat has been found e.\pcrim(ntalK b> Starling, who dem- 
onstrated a dilatation of the left heart \ ben the arterial pressure was 
increased Or it ma> be a pathologic condition indicating a begin 
ning mj ocardial failure 

'lo what cvtcnl the two factors mentioned (i e , the mcnased 
mctaboli'm and increased pulmonarv resistance) mav ixliau-^t the 
ri serve force of the mvocardnmi is unknown Ilowevtr, etjuritncc 
from other pathologic condition'-, where a smiilar ilicriasc in tin 
metabolism or in the pulmonarv b1oo<i pressure is tnrounttred, mal c 
It unhkelj that these two factors m") be able to e"di'ust m a few 
days the reserve force of a nonial and normallv nourished 
m3 ocanhum 

It scans therefore necessary to assume < itlicr an anatonufal or r 
functional injury 01 the mjoairdtum m cast-- ol pniuinonia where a 
cireailatorv failure is encountered 

\s to the first jimnt not verv cxtensi^^ infonmalion is .-i hand 
Hie few mvesiiguions Iiilhirtn published concerning Uie niintom'cd 
condition of tin mvocinlnmi in pncemo-ia «hov that an mjurv of 
mflnmmalory or dcgtnrrilivu nataa is not frrnuent It is al o of 
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importance that Romberg and collaborators were imable to detect 
any anatomical injury in the myocardium of animals infected with 
pneumococci 

Heart faikire in pneumonia must therefore mainly he ascribed to a 
functional disturbance of the myocardium 

A fxmctional disturbance of the myocardium may be produced by 
two factors* toxemia or anoxemia 
Toxemia In an infectious disease one naturally expects toxemia 
to play an important role in the breaking down of the circulation 
The fact that no circulating toxin has so far been demonstrated in 
pneumonia can not exclude a toxic injury of the myocardium 

Newburgh and Porter have shown that the contractile power of 
normal myocardium diminished when transfused by blood from dogs 
in which pneumonia was produced by Friedlanders bacillus When 
the same experiment was performed on myocardium from pneumonic 
dogs no difference was found between the contractile power dunng 
transfusion with normal and pneumonic blood They drew the 
conclusion that the myocardial tissue in some way or another had 
accommodated itself to the hypothetical pneiunonic toxin 
Anoxemia As to the importance of anoxemia in producing a 
fvmctional impaiiment of the myocardium very little experimental or 
clmical evidence can be foimd. Experiences gamed at high altitudes 
and in air cabinets show that anoxemia alone does not seem to impair 
the circulation during rest On the other hand it is well known that 
even vigorous individuals perform only with difficulty exercise at low 
atmospheric pressure 

Experiments on fish embryos (Loeb) and frogs (Weizacker) show 
that dunimshed oxygen supply may impair or even stop the con- 
traction of the myocardium None of these experiments are quanti- 
tative in the sense that the oxygen tension during the experiment was 
determined They can therefore only give suggestions Loeb found 
in certain fish embryos that the contraction rate of the heart decreased 
durmg insufficient oxygen supply In some instances the rate de- 
creased regularly to a certain pomt at which it stopped In other 
mstances the heart continued for hours at a slow rate In a third 
group the rate fell regularly to almost zero Weizacker transfused 
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frogs' hearts vath blood, the ox>gcn content of which was stcadiK 
diminished to about one-third of its normal \ aluc He found little or 
no decrease in the work performed bj the heart However, no re- 
marks are found m Wtiz.icker s experiments about the ox) gen tension 
of the blood, which is the mam factor goseming the oxjgtn supplj 
And there is a possibility that carbon dioxide produced during the 
experiment may base increased the tension of the oxygen (Bohr's 
phenomenon) 

Clinical experience concerning tlie effect on the heart functions of 
disturbances in the oxygen sujiply' arc xtry scanty and far from 
quantitative Extra systoles, auricular fibrillation and heart block, 
not infrequently obserx'cd in pneumonia may po'sibly in some 
instances be caused by anoxemia In other and probably more in- 
stances the cause may be toxemia Occurrence of heart block in 
pneumonia IS of particular interest because it is experimentally shown 
that lieart block may be caused bv oxygen lack 

In 1915 I observed a transient attack of heart blocl in a cyanotic 
patient wath pneumonia Attacl s of heart block arc most frequently' 
seen in the convalescent stage, i e , at a period where no anoxemia is 
present Attention has been called to the dilatation of the heart 
found by Dietlen and by Levy, and it was mentioned that 'uch a dila- 
tation may indicate a functional disturbance of the my ocardium 

In spite of the lack of cxpcnmcnUil and clinical information about 
tlic functional condition of the myocardium in pneumonia it seems 
justifiable to expect that insufliacnt oxy gen supply of the my oeardium 
max in some instances eause a breakdow n of the heart, especially if 
It IS injured by toxins and h unpered by increased resistance 

T! c adaplat'ov oj ihc pt etirt ante crgoi ,sm to aiwxcv la 

\Vc have divided the effects of the experimentally produced 
anoxc’wa into three groups first, a •■enes of syoaptomx indi- 
cating the endeavour of the organism to adapl it'clf to tie new 
condition Thisphase v asanalojousiovliathippcnswlicr? i organ 
I'm IS irxing to rc-'cli an equilibrium atn temperature' higf.cr than tl e 
norm il The second grouji of svaupteins rejirc'enteel the Jyrrp eni' 
which prevailed after tin erpiilibriun had hvtn icachia! 'flic third 
plnee rcprcsinteHl the sKi > acexiiiinio'Jatti'n oi the O'g’ni'-iri to ? 
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chronic anoxemia seen in certain heart diseases or during long lasting 
exposure to low barometric pressure 
We have so far in our discussion of anoxemia in pneumonia mainly- 
discussed the second phase However, the question about the first 
phase IS an important problem m pneumonia for the reason that it is 

TABLE 9 

Oxygen saturahon, carbon dioxide tension of arterial blood, and body temperature in S 
patients with lobar pneumonia at Rockefeller Hospital, {Btnger, Hastings, Morgan and 

Neill, personal communication) 
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mainly by means of the respiratory function that an organism reaches a 
new equihbnum. One should naturally expect that the conditions in a 
pneumonic patient are unfavorable in that respect The question, 
IS* Do pneumonic patients suffenng from anoxemia wash out part of 
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the carbon dioxide of the bodv in order to loner the bjdrogcn ion 
concentration and therebj protect the rcsjnraton center’ A ft.t 
determinations of the carbon dioxide content of the blood m pneu- 
monia arc at hand Vs a nhole the x-alucs are btimv normal But 
as the important factor is the carbon-dioxidc tension and not the con- 
tent the'e determinations arc of ozil> suggestive value because the 
content and the tension of tins gas do not nccessanlv run p irallcl 
Reliable determinations of the carbon dioxide Icns.ou of the alveolar 
air in pneumonia arc naturalU not at hand 

In table 9 arc given the results of a series of determinations of the 
carbon dioxide tension of the blood in pneumonia done in 1923 m the 
Rockefeller Hospital 

In most cases the arterial oxv gen imsaturation v as also determined 
As a V hole no considerable decrease in the carbon dioxide tension is 
found At any rate the dcac ise is mucli less than that found m 
normal people with cxpcnmcntal anoxemia of the sanu degree 
rurtliermore no parallelism can be demonstrated between the — 
moderate— decrease in the carbon dioxide tension mil the digrec of 
artcnal oxvgoii misaturation IJie decreisc in the cirbon dioxide 
tension of the blood is Uiereforc not to bo looted upon as a 'vasliiiig 
out of the carbon dioxide on account of anoxemia 
There seems to be no doubt that the low carbon dioxide tension is 
related directly or indircctl> to vanations m the bodv temper ilure, 
an importrnt fact demonstrated origin->llv bj rndcnai' and Olsen 
in tlic al\ eolar air of patients v ith fcbnle diseases 
Detciminalion of the livdrogui ion conccnirition of the blood in the 
patients m table 9 showed values* either nonnal or slight!) alkaline 
Thc'e determinations show cither that pneuti onie patients v,itli 
anoxemia arc un ible to lot er the carlxin dioxide tension ot tiic blood 
or that «udi pitients for sonic unknown re ->5011 do not need this rvgu 
lalionathicb, asprevaousU inentioneal,isprt enlin norm 1 ! individud', 
t\ 7 >o<;r{i to anoxemia In the lint ease one sitouhl ex|aert a permanent 
ovcrexcitation ot the respiratory centre tl.t cxcitahililv of v Inch 
mere L'cd tiirough the anoxemia In the second cvi one rnu't assume 
that the kidney s or the livcrliavc tal cnovtr that part 01 the rcfulvtion 
v.hicli the diseased lungs cinnot jierfonii, 

* Not H'm in tabled 
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The third phase, the effect of chronic anoxemia on the body, will 
not be discussed here because it is imdoubtedly of little or no impor- 
tance in an acute disease as lobar pneumonia. 

Oxyge/i U eatment of pneumonic patients 

The results of oxygen treatment of pneumonic patients will be 
mentioned only so far as they are of importance for the elucidation of 
anoxemic S 3 miptoms Dunng the last four or five years about 40 
cases have been published in w’hich the treatment, the blood gas 
determinations, and the clinical description are such that the results 
may throw light on the question of the anoxemic symptoms in pneu- 
monic patients 

In about 60 per cent of the cases the oxygen content of the arterial 
blood has been increased to normal values This very important 
fact shows that only in 40 per cent of the patients is the abnormally 
low arterial oxygen saturation caused by perfusion of consolidated lung 
areas inaccessible to air 

In most instances cyanotic color has disappeared when the abnormal 
oxygen unsaturation v as abolished, showing as previously mentioned 
that cyanosis in pneumonia usually is of respiratory ongin In a case 
published by Woodwell and Barach a moderate acrocyanosis was 
present even after the oxygen content of the artenal blood had become 
normal In this case the cyanosis must be attnbuted to increased 
peripheral deoxidation of the capillary blood through stasis Also 
other symptoms of circulatory failure were present 

In several patients where pronounced cerebral S 3 miptoms were 
observed, Meakms, Barach and Woodwell, and Stadie found that after 
oxygen therapy these symptoms either disappeared entirely or became 
less The patients became less delirious and quieter and the sleep- 
lessness disappeared In some instances the effect of oxygen treat- 
ment on the psychic disturbances has been remarkably striking 
The pulse rate is usually not much influenced by oxygen therapy 
In a few patients slo'Rung of the pulse rate does occur and in one of 
Stadie's cases a drop from 160 to 120 was obsenmd when the anoxemia 
was abohshed Whether or not this effect may be ascribed to a better 
oxygen supply of the myocardium we do not know. 
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The cfTcct of ox> gen therap> on thcrcspiratoo mtei'; of importance 
for our conception of the nature and pathogenesis of the d>spnota in 
pneumonic patients In most cases successful oxjgen tlierap) has 
been followed bj only a small drop m the respiratoiy rate, an obsersa- 
tion which IS in accordance wnth our conclusions in the chapter on the 
respiration in pneumonia It is clear Uiat if an increased sensitivity 
of the respiratory' centre, caused by decreased blood oxygen tension, 
were the cause of the dyspnoea, tins tondiiion should be alleviatwl or 
abolished when the blood oxvgen became iiomiAl The results of 
the oxygen therapy gained so far, therefore, ■support tlie conception 
that the mam cause of the dvspnoca in pneumonic patients is a reflex 
from the local processes in the lungs 

'IIic results of oxygen therapy do not help us to decide whether or 
not a restoration of normal arterial oxygen nnsaturation has anv 
effect on the function of Uic mvocardmm The fact that we do not 
possess any suitable functional test lor the heart makes it improbable 
that we shall gam any information before a very large amount of 
matcnal is collected or before experiments on isolated hearts are 
performed 

ITie matcnal is aKo too small and clinic.illy too heterogeneous to 
y leld my information about tin influence of oxv gen therapv on tlie 
course of the disease 

Kliumi 

The tenn anoxemia may at present appear strange and unreal la 
a few years however it will he as familiar as uremia lliis last term is 
in ‘•evcral res)iccts similar to anoxemia but much more obscure m 
spite of the fact tint for a long time it lias been a part of the patl'o 
logie system Both terms compnse groiijis of symiptoms and not 
etiologic entities, and both arc a result of severe impurment of the 
function of important org ms Bui v hercas uremia in the majority 
of instances indiwles a dc'pcralc tcnumxl amdilion cause'd by 
irreversible imatomic.ll disturbances, anoxemia mjiiv.umonie patients 
IS c.niist'd by i rincarc where the itos«ibililv of cmiplcte rtaiven is 
present It is therefore of tl e gn'atcst mportat cc to treat this sv rap* 
tom as xoOii and energeticallv and above all, as saemtitically as 
possible 
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Summary 

The main points developed above are the following 

1. In 10 to 20 per cent of patients with lobar pneumonia dis- 
turbances m the respiratory functions of the lungs cause an abnormally 
low oxygen saturation of the arterial blood This in turn gives rise 
to a decrease in the amount and tension of the oxygen of the capillary 
blood 

2 Through physiological and pathological investigations it is 
demonstrated that when a decrease in the arterial oxygen content 
(and consequently also in the oxygen content and tension of the 
capiUary blood) exceeds a threshold of 15 to 20 per cent a group of 
pathologic symptoms appears in normal individuals The main 
symptoms are* Cyanosis, mental disturbances, abnormal irritation of 
the nervous centres in the medulla, particularly of the respiratory 
centre, probably an impairment of the function of the muscular 
system, particularly of the myocardium 

The term anoxemia is in most instances used to indicate the condi- 
tion characterized by these symptoms In other instances anoxemia 
simply means the underlying pathologic condition, namely the in- 
complete oxygen content of the blood 

3. An attempt has been made to show by analyses of different facts 
published in the literature that the various anoxemic symptoms in 
the main appear at the same threshold level of artenal oxygen unsatu- 
ration The presence or absence of a cyanosis may therefore in most 
mstances serve as a clinically useful cntenon for the presence or ab- 
sence of an arterial oxygen deficit extensive enough to give rise to 
other less characteristic anoxemic symptoms 

4 In pnemnonia similar symptoms are frequent A deeper analysis 
of these symptoms shows first that anoxemia probably plays a part 
in their development, secondly that anoxemiais to be looked upon only 
as one of the causes of these sjmptoms To what extent some of the 
most important functional disturbances in pneumonia, namely the 
dyspnoea and heart failure, are caused by anoxemia and to what 
extent by other factors is not known 

5 In a considerable number of pneumomc patients with abnormally 
low arterial oxygen saturation treatment with oxygen inhalation has 
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caused the abnomial ox> gen unsaturation to di^^appear At the same 
tunc the anoxemic symptoms, Cbpcaally the c>anosis, have cither 
disappeared or decreased m intensity 

In the Bntish Physiological Soaety Barcroft, in 1920, m a lecture 
on anoxemia, said that “The ph>siolog> of toda\ is the medicine of 
tomorroi\ ” I consider this nght onl> if between “toda> and to- 
morrow” intense and conscientious work is done to reconcile the 
synthetic researches of the physiologist with the analytic investiga- 
tions performed at the bedside by the dmician 
To do that not onl> in respect to ph>siology but also m respect to 
the other biological sciences is the mam purpose of the theoretical 
medicine And the delineation of the problem is, to my mind, the 
mam purpose of Uic tcadiing of theoretical medicine 
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IMMUNIZATION AG'VINST PNEUMONU 
RussixLi cicn 

1 rotfi Ike Seeond {Correit) kfednat Drmon <>f Brlln le Ihipilolt A ru ] crl Ctly 

The high incidence rate of lobar pneumonia is a nclt known fact 
and remains a constant source of anxietj to the public health officer 
Obviously one of the most important sanitary problems of the dav, 
the prevention of pneumoma is contingent on either the elimination of 
the virulent pneumococcus or the production of some form of artificial 
immumt> against it At the present time the former procedure is 
entirelj impractical Pneumonia does not lend itself rcadiK to con- 
trol by ordinary hygienic or sanitary measures I he high incidence 
of pneumoma in cities is evidence that the pneumococcus thnecs 
best Tvhen people li\ e under crow ded conditions Infection appears to 
be transmitted b\ direct or indirect contact, in man) instances b) the 
droplet method I\ith the present tciidcncs' toward urbanization of 
our population there seems to be less and less hope of controlling pneu- 
monia and otlicr respirator)' diseases by an) of Uic lygicnic measures 
now in vogue 

Prom these considerations it would appear tint for the present at 
least the onlv hope of preventing pneumonia lies in the adoption of 
some mctliod of artificial immunization The simplest w ly to pre- 
vent pneumonia would be to prevent the common cold, for it is well 
recognized that pneumonia in man is usuall) secondare to a cold or 
a sore throat Unfortunatcl) there is as vet no unie ersalK so tisfactoi) 
metliod of preeentiiig colds or sore throats, consequent!) until such a 
method IS forthcoming, the attacl. upon pneumonia must be ccnin.d 
upon that disease itself 

In anew of the established \ alue of \ acanation against t)phoid fc\ er, 
It IS rcalli surpnsing that efforts to prei ent pneumonia by means of 
aaiccinc were not undertaken earlier As a matter of fact it has been 
onl) in the last few ) ears that an) serious effort has licen made along 
this line 
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Lobar pneumonia is an acute infectious disease, caused, in the great 
majority of cases, by the pneumococcus Approximately 95 per cent 
of all cases of true lobar pneumonia are of pneumococcal origin The 
streptococcus and Friedlander's bacillus are responsible for the few 
remaining cases In this article our attention will be confined to a 
consideration of pneumococcus immunity and its bearing on the pre- 
vention of pneumococcus pneumonia 

IMMUNITY FOLLOWING LOBAR PNEUMOISUA 

It will not be out of place at this point to refer briefly to the four 
biological types of pneumococcus as first differentiated by Dochez and 
Gillespie (1). Morphologically and culturally these four types 
resemble one another closely but they display sharp and speafic 
differences in respect to agglutinms, precipitins, and protective 
'bodies It has, of course, been necessary to take these facts into 
consideration in an attempt to vaccinate against pneumococcus 
infection 

When an animal or man survives an attack of pneumococcus pneu- 
monia, a high degree of immunity against the homologous type of 
pneumococcus is readily demonstrable. The crisis itself is a striking 
expression of this immunity Furthermore, Dochez (2) has shown 
that the serum of patients convalescing from pneumonia contains 
protective substances against the homologous type of pneumococcus, 
and Blake (3) has demonstrated precipitins in the serum of cases of 
pneumonia that terminate favorably In addition to these dinical 
studies, accurate information on the subj’ect of immunity foUowmg 
pneumonia has been obtained from experimental work on animals 
Tn some studies on experimental pneumonia conducted by Cecil and 
Blake (4) in 1920, these authors showed that in monkeys an attack of 
pneumococcus Tj^e I pneumonia protects the animal completely 
against a second infection of the same type An attack of pneumo- 
coccus Type I pneumonia gave little if any protection against pneumo- 
coccus Type n pneumoma On the other hand, there appeared to 
be some cross-protection against pneumococcus Type III 

During the last five years we have had opportunity to follow a num- 
ber of patients through several attacks of pneumoma and in every 
instance recurring attacks have differed in type from the mitial type. 
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The one exception appears to be in the case of pneumococcus Tjpe III 
infections There are records of several patients who have had 
repeated attacks of pneumococcus type III pneumonia These 
attacks, however, rarely come oftener than once a year 

If one can make any inferences from these observations they would 
be that (a) An attack of lobar pneumonia is followed by a high 
grade of immunity against the type of pneumococcus that excited the 
attack (6) This immunity is not permanent but probably lasts from 
SIX months to one year (c) There is a small amount of cross-immun- 
ity against other types of pneumococcus This, however IS probably 
a vanable and uncertain factor 

ACTIVE nSMTOiIZATION AGAINST THE PNEITMOCOCCGS 

The earlier investigators were much interested in pneumococcus 
immunity A Frankel (5) made the important observation that 
rabbits inoculated with living, virulent pneumococci showed a high 
immunity if they recovered from the infection G and F Klemperer 
(6) induced ahigh degree of active immunity in rabbits against pneumo- 
coccus in several different ways They inoculated animals with 
heated pneumonic sputum, with pus from a pneumococcus empjema, 
and with cultures of pneumococcus which had been heated for one 
hour at 60°C Emnierick (7) injected nbbits with cultures which 
produced marked emaciation in the rabbits but did not kill them By 
this method he produced a very high immunity, the animals with- 
standing 20 to 30 cc of highly xunilcnt culture intravenously These 
and other Investigators have shown thatan adequate immunity against 
pneumococcus infection can be developed in animals Xcufcld (8) 
produced a high immunity in rabbits by subcutaneous and intrave- 
nous injections of killed pneumococci He found, how cv er, that it v as 
necessary to use a virulent culture Levy and Aoki (9) have 
immunircd animals with pneumococci killed bj phenol and also v ith 
sensitized pneumococci 

Lister (10) found that sptafic agglutinins and opsomns could Ik. 
produced in rabbits very easily by small doses of pncuniococais vac- 
cine inoculated intravenous!), and also, but with greater difficulty, 
if inoculated subcutaneous!) Such rabbits thus immunized were 
also able to resist an attack b) virulent pneumococci when the latter 
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were inoculated in doses that would invariably kill a normal unvac- 
cinated rabbit 

Some interesting studies on pneumococcus immunity were earned 
out in 1917 by Solis-Cohen and Heist (11) Their observations were 
made on the whole blood of rabbits inoculated with killed pneumococci 
According to these experiments the whole blood of animals immunized 
against the pneumococcus possesses bactericidal power against pneu- 
mococci which is not possessed by the serum or defibnnated blood 
The bactericidal power thus induced was specific as regards type of 
pneumococcus 

In addition to the immune bodies just referred to, the serum of an 
animal immunized against pneumococcus contains the so-called “pro- 
tective substance” which has the power of protecting mice and other 
laboratory animals against lethal doses of virulent pneumococcus 
These various immune substances rarely make their appearance in 
the blood of the immunized animal before the seventh or eighth day 
after the first injection of vaccine 
Larsen and Nelson (12) however, have recently found that if pneu- 
mococci are first treated mth sodium riemoleate, immune substances 
make their appearance much earlier in the blood of the vaccinated 
animal than when treated with ordinary vaccine 
It is clear from this brief reinew of the literature that the pneumo- 
coccus differs in no way from other pathogenic bacteria in its capacity 
to stimulate active immunity in animals 
The serum of animals vaccinated against pneumococcus not only 
develops bodies which pro\nde the animal ivith an active immunity 
against the homologous type of pneumococcus, but the serum from 
these immunized animals is also capable of inducing passive immunity 
in normal unvaccinated animals against a fatal infection and even of 
curing them after infection has taken place, provided inj'ection of the 
serum is not too long delayed This fact forms the basis for the mod- 
ern serum treatment of lobar pneumonia in man 

ACTIVE IMMUNIZATION AGAINST EXPERIMENTAL PNEUMONIA 

While so many careful studies were being made of pneumococcus 
immunity, it was strange that little or no effort was being directed 
toward the study of active immunity against pneumoma itself The 



IMMUNE' ATION AGAINST TNEUMOMA 


399 


reason for this failure ivas no doubt to be found in the difncultj which 
earlier investigators had in producing a satisfactory expenment-i] 
pneumonia in animals 

In 1904 (13), Wadsworth undertook to produce an active immunitv 
against evpenmental pneumonia in rabbits Wadsworth injected 
rabbits intratracheally with virulent pneumococci and thereby evated 
a patchy form of pneumonia He then vacanated normal rabbits 
with a saline suspension of pneumococci dissolved in rabbit bile 
The immunised rabbits were subsequentlv injected intratradieallj 
with 1 cc of an extremely virulent culture of pneumococcus Of the 
11 immunized animals none died, but a few' were seriously ill for 
twenty -four to thirty-scv hours Wlicn killed the vaccinated rabbits 
showed areas of diffuse consolidation involvang considerable parts of 
the lung Of the 5 control rabbits, 3 died vnthout lung lesions, the 
2 others lived a few days longer and showed at autopsy small areas of 
consolidation in the lungs It is evident from these espenments that 
Wadsworth produced a partial immunity m rabbits against pneumo- 
coccus infection His infecting dost, how c\ cr, w as too large for the 
amount of immunity produced 

In 1920 Blake and Cecil (14) perfected a technique for producing 
experimental lobar pneumonia in monkeys By injecting these ani- 
mals intratraclically with minute doses of v indent pneumococci they 
were able to produce a typical lobar pneumonia dilTcringin no respect 
clinically or pathologicallv from lobar pneumonia in man 

Cecil and Blake (15) then underlool to study the effect of prophylac- 
tic vaccination against cxpcnmciital pneumococcus pneumonia in 
monkey s In these cx[)criments small doses of pneumocoecus hpov ac- 
emewere used and each monkey received one inoculation subcutane- 
ously By' this method of v accinalion partial immunity against the 
homologous type was cvlablished, but not enough to prevent mild 
attacks of pneumonia In a later study on monkcv s Ceeil and Blake 
found that the subcutaneous injection of a small dose of living, viru- 
lent pneumococci produced a high degree of active imniunitv sulh 
cient to protect animals comiilctely against experimental i>ncumoma of 
the homologous type Livang cultures also stimulated a small 
amount of cross immuiiilv against other types of imiumoiiia, which, 
however, varied considerably with individual animals Vacciiii'lion 



400 


RUSSELL L CECIL 


With living, virulent pneumococci caused severe, at times fatal, reac- 
tions, while in other instances the reactions were very mild 

It seemed quite possible that failure to obtain immunity with killed 
cultures of pneumococcus was due largely to inadequate dosage 
The writer, therefore, in collaboration with G I Steffen (16), con- 
tinued the study of active immunity against pneumococcus pneumonia 
in monkeys, and found that the subcutaneous inoculation of monkeys 
with three large doses of pneumococcus Type I vaccine conferred upon 
them a complete immunity against expenmental pneumococcus 
Type I pneumonia Cecil and Steffen also found that the intravenous 
inoculation of small doses of pneumococcus Type I vaccine conferred 
complete immunity against the homologous type of pneumonia In 
subsequent experiments (17) they found that as in the case of pneu- 
mococcus Type I, three subcutaneous injections of pneumococcus 
Type H vaccine would confer on monkeys a complete immunity 
against pneumococcus Type II pneumom'a A similar protection 
could be bestowed on monkeys against pneumococcus Type IV pneu- 
monia by three subcutaneous inj'ections of a vaccine prepared from the 
same strain of pneumococcus The subcutaneous inj'ection of mon- 
keys with three doses of pneumococcus Tjqie III vaccine conferred 
complete immunity agamst this type in only 50 per cent of cases (4 out 
of 8 monlceys vaccinated) In view of the difficulties associated 
with the vaccination of horses against pneumococcus Type III, the 
failure to obtain immunity against pneumococcus Type III in 100 
per cent of monkeys was not surprising, 

INTRATRACHEAL VACCINATION AGAINST PNEUMONIA 

Several years ago it occurred to the writer that it might be feasible 
to estabhsh an immunity against pneumonia by injecting pneumo- 
coccus vaccine directly into the trachea Such a procedure seemed 
entirely rational in consideration of the fact that in lobar pneumonia 
infection takes place through the trachea, and furthermore, that in 
the early stages pneumoma is a peribronchial infection In the first 
series of experiments carried out by Cecil and Steffen (18 ) , ordinary 
pneumococcus vaccine was injected directly into the trachea of 
monkeys with a hypodermic syringe Each monkey received three 
injections of vaccine at intervals of five to seven days It was 
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found that monkeys could be readilv immunized against the vanous 
types of pneumococcus by intratracheal injections of pneumococcus 
\accme Indeed, the successful immunization of monkeys uith 
three small intratracheal doses of \acane afforded some endcnce 
that pneumococcus immunity might be more readdy mduccd by the 
intratracheal route than by the subcutaneous route In this connec- 
tion It IS interesting to note that monkeys vacanated subcutaneously 
or intravenously against pneumococcus usually showed immune bodies 
in the arculating blood, while the monkeys vacanated by the intra- 
tracheal route failed to show arculating antibodies This suggested 
that the immunity induced by the intratradieal injection of vacane 
was in great part a cellular immunity 

Cecil and Steffen also attempted to immunize monkeys against 
pneumonia by spraying them with pneumococcus vacane Complete 
immunity against pneumonia was not obtained by this method of 
immunization The failure to obtain immunity by means of a spray 
may have been due to technical difficulties, but m tins connection it 
wiU be appropriate to discuss the work of Stillman 

Stillman (19) exposed mice to an atmosphere containing large 
numbers of virulent pneumococci He found that a high degree of 
active immunity could be produced in mice following repeated inhala- 
tions of living pneumococci, but a much less marked increase m 
resistance was afforded animals exposed to a spray of dead organisms 
In order to explain this acquired protection Stillman assumed that 
the inhaled pncumococa actually gained access to the body tissue, 
that IS, they were not only implanted on the mucosa of the lower 
respiratory tract but actually penetrated tlic respiratory epitliclium 
In sharp contrast to the favorable results obtained by the inlnlation 
of living pneumococa, Stillman obtained only a slight immumty in 
mice by the repeated inhalation of killed organisms An interesting 
fact brought out bv Stillman was that mice which had been immunized 
by inhalations of living or kilted pncumococa, could be deprived of 
this immunity by subjecting them to alcoholic intoncation 

ACTIVE rxnrONlZATION against fVEUHONLA r. MAN 

I’nor to 1911 no serious attempt had been made to vacanalc human 
licings against lobar pneumonia by means of pncumocoiais vacani 
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In 1911, however, the mortality from lobar pneumonia among the 
tropical natives in the South African Gold Mines became so high that 
the gold mining industry secured the services of Sir Almroth Wright 
to investigate the disease with a view to devising some method of 
dimimslung the death rate 

The investigations conducted by Wiight and his co-workers 
extended from October 1911 throughout 1912 Wright (20) was 
chiefly interested in detecting differences in the serum of inoculated 
and uninoculated persons, particularly in respect to the opsonic index 
Wright was seeking some standard by which he could correlate the 
amount of immunity with the dose of pneumococcus vaccine and thus 
determine the most satisfactory prophylactic method of vaccination 
against pneumonia Wright’s studies of the opsonic index after 
injections of pneumococcus vacane failed to disclose any defimte 
information Wright also found that the agglutination reactions were 
very irregular with the vast majority of strains of the pneumococcus 

Wright next had recourse to inoculating several thousand miners 
with killed broth culture vaccine, setting aside control groups of 
natives for companson The incidence of pneumonia among the vac- 
cinated men slx months to one year after inoculation was recorded and 
a similar record kept of the incidence of pneumonia among the unvac- 
cmated miners These control groups, however, were not clearly 
defined and led to great difBculty in estimating the results of the 
various expenmental inoculations 

Wright’s method of inoculation consisted at this time of the subcu- 
taneous administiation of one dose of pneumococcus vacane contain- 
ing 4 to 50 million killed bacteria Wright himself was convinced 
from his study that the incidence of pneumonia was considerably 
reduced durmg the first three months foUowmg inoculation Later 
reports, however, failed to establish the efi&cacy of his method of vac- 
cmation against pneumonia His failure was probably due to two 
things First, at the time his experiment was conducted, the various 
types of pneumococcus has not been dLu i*!' ed, second, the doses 
of vaccine emoloved were much too,s ' ' 
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(22) then undertook an experimental study of prophylactic inocula- 
tion against the vanous types of pneumococci m animals and man 
He demonstrated that immunit 3 could be produced in man against at 
least certain ones of these U'pes cither b> subcutaneous or mfra\c- 
nous injection, more readily b> the latter He found that subcu- 
taneous inoculation of 40 biUion coca of the strains he cmplo>cd 
caused little if an> toxic reaction in the guinea pig, rabbit or man, 
and that even intravenous inoculations of several bilbon in the rabbit 
or in man gave nse to but slight toxic reaction 
Experiments earned out by Lister at the South Afncan Institute 
for Medical Research also proved bc>ond doubt that the blood serum 
of natives who had been inoculated vnth suitable doses of pneumococ- 
cus vaccine contained agglutininsandopsonins in substantial amounts 
The number of organisms necessary to produce these changes was 
however, far in excess of anj thing previouslj attempted, but, as in 
the case of rabbits, feucr organisms were necessary when the intrave- 
nous route wasused than when the subcutaneous route was emplojcd 
In viev of these favorable preliminarj cipenments Lister next 
undertook the prophj lactic inoculation of large groups of miners 
against pneumonia Listers nomendature was Eotnewhat different 
from tliat of Dochex and Gillespie He found that approximatdi 
lOper cent of all casesof lobar pneumonia in South Africa were caused 
bj infection with either group A, B or C groups B and C correspond 
mg to Tjpes U and I rcspectiv elj' in Dodicz and Gillcsj'it’s ckissitice- 
tion In Lister’s first experiment 10 S66 recruits v^’cre each inoculated 
three times vith a vaccine containing equal parts of pneumococcus 
groups A, B and C In some instancu; Li-tcr vaccinated natives 
mtravenouslj, but later he adopted the subcutaneous method, giving 
each volunteer three subcutaneous injections consisting of 6 billion 
coca of each group (a tofol of IS billion) Sub>cqucntl> he grtatlv 
reduced this dosage and gave three subcutaneous inoailatioas eadi 
injection consisting of 2 billion ol each tape Pneutrococcus v ’canc 
as at present prepared at the South \frican Institute for Med.c il 
Research contains 8 billion pncuraococa pet cubic ccntimeti r compris- 
ing S different pneumococcus groups 
The results of this cxjicnment were verv sati'.factor’ Xota'^jode 
case of lobar pneumoni i due to groups ^ B or C o-curred among the 
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vaccmated troops. EighU'-two cases due to other tj>pes occurred 
among the vaccmated troops During this time the case mortality’- 
among unvaccinated troops was 34.7 per cent. Lister contends that 
this fact namel}', the alteration of a relative group prevalence hj^ 
means of specific group inoculation is a more critical test of the effi- 
C3.cy of pneumonia proph\daxis than the simultaneous comparison of 
pneumonia rates in inoculated and uninoculated (control) groups vhen 
the comparison is based upon the erroneous assumption that aU cases 
of disease due to the pneumococcus are bacteriologicaUy indistingmsh- 
abie. He emphasizes the probability’^ that the protection of a consider- 
able part of the community' by* inoculation lessens the number of 
carriers, and perhaps the 'i*irulence of the strains found in the com- 
munity, and, hence, confers a definite benefit upon the uninoculated 
group vhich would affect the use of this group as controls in a statis- 
tical sense. Lister reported no impleasant effects from the vaccine 
Following this experiment on the Crown a\fine, Lister carried out 
similar experiments at the Premier Diamond IMine in the Transvaal 
and at the DeBeers Diamond Mine at KimberlyL At the Premier 
IMiae the death rate fell during the experimental period to about 1 
per 1000 per annum, while at Kimberly* in the DeBeers hlines the 
mortality* from pneumonia was quickly reduced by more than 50 per 
cent. These experiments of Lister’s were carried out during 1916 and 
1917- During 1918 Lister arranged to inoculate all new native mine 
recruits with pnemnococcus ■\'accine, three doses to be given at seven 
day's interval. In Lister’s (23) last report of March. 1924 he reviews 
the results obtained during the six y'ears premous During this period 
there was a drop in the pneumonia death rate from 5 per 1000 in 1916 
to 1 68 per 1000 in 1922. There was a slight increase in 1923 and 1924, 
but the figure remains in the neighborhood of 2 per 1000 of population 
According to Lister, infections due to the three great groups of pneu- 
mococci (A^ B and C) are now relatively rare in South Africa and the 
great majority* of the lobar pneumonias that do occur are due to 
strains other than those of the A. B and C groups 
in South Africa the question has been raised, whether the improve- 
ment in the general hygiene at the Alines has not been the chief fac- 
tor in the decreased pneumonia mortahU*. Lister points out, how- 
ever, that the Premier Diamond Aline was about the worst mine in 
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South Africa as regards mortality for pneumonia, j ct it was for thi 
most part an open mine with abundant % entilation 

In the winter of 1917-1918 lobar pneumonia became quite prei aleni 
among the recruits who were in training at Camp Upton, N Y 
Bacteriological study of the cases show ed that a high percentage w en 
due to the pneumococcus In consideration of the fa% orable result! 
acbeved by Lister in South Africa, it seemed desirable to tlic writei 
to test the prophylactic aalue of pneumococcus aaiccine on Camp 
Upton troops In collaboration with J H Austin (24) of the Rocke- 
feller Institute an extensive field experiment was undertaken with a 
vaccine containing equal parts of pneumococcus T> pcs 1, 11 and HI 
Vaccine against Type IV was obviouslj not feasible on account of its 
many varieties The vacanc was first tested on rabbits and on 42 
adult volunteers It was found tliat an ordinary pneumococcus 
vacane prepared from glucose broth cultures would stimulate agglu- 
tinins and protective substances within eight days after the first 
injection of V'acane Generally speal mg, the larger the dosage of 
vaccine the better the response both in agglutinins and in protective 
bodies On the basis of these prehmimry evpcnmcnts, wo adopted 
for Uie large experiment a total dosage of 6 to 9 billion cocci of cadi 
type administered in 3 or 4 doses at wccklj intervals 

Altogether, 12,519 men were vaccinated — about 40 per cent of the 
mean strength of the command A great majorit\ of these received 
three or four inoculations Some, however, had only one or two 
The vacane was given at five- to scvcn-tlav intervals, except in one 
organization where unavoidable arcumstanccs necessitated a lapse of 
ivv enty dav's betvv een the first and second inoculations In most cases 
the vacane was administered in tlic ann 

Rfactxons 

Ihe constitutional reactions to the injections of pneumococcus 
vacanc w ere usually negligible Out of the entire number v accinalcd, 
only 25 men were sufiicientlv ill to remain in quarters or in tlie ho'pital 
for a short time Ihis number would jirobablv have been larger if 
the vaccination had been compulsor> As it was, those who vtre 
upset bj the first or second inoculation vere usunllv not given the 
third or fourth The impression prevailed among the regimental 
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urgeons that the reactions to pneumococcus vaccination were milder 
han those to typhoid vaccination The troops, however, were in 
>etter physical condition when they received the pneumococcus vac- 
:ine than when the typhoid inoculations were given In those who 
eacted severely the symptoms simulated an attack of influenza 
rhe patient complained of general malaise, chilly sensations, fever 
ind muscular pains In addition, a certain number of those who 
eacted severely had symptoms referable to the upper respiratory 
ract, such as coryza, sore throat, cough, and pain in the chest A 
lumber of those who were suffenng from infections of the air passages 
-t the time of inoculation, claimed that their symptoms were more 
aarked after receiving the injection Constitutional reactions to 
meumococcus vaccination apparently develop more slowly than with 
yphoid inoculation, sometimes not appearing until twenty-four 
tours after the injection 

The local reaction to pneumococcus vaccination differs little, as a 
ule, from that to typhoid vaccination At the point of inoculation 
,n area of tenderness and induration develops, usually about 5 to 10 
m in diameter The area of induration is nearly always oblong and 
xtends down the arm below the point of inoculation The axillary 
;lands are sometimes swollen and tender The tenderness and 
welling at the point of inoculation rapidly decrease, however, and 
•t the end of three or four days have usually disappeared 

An unexpected and somewhat troublesome complication arose in 
onnection with the vaccination whicli at first gave some concern, 
his was the development of a certain number of small infiltrations at 
he site of inoculation They developed slowly, rarely coming to 
he stage of fluctuation before the sixth or seventh day after inocula- 
ion They were usually 2 or 3 cm in diameter, and in only one 
QStance extended down deeper than the subcutaneous tissue At 
irst they were looked upon as the result of careless technique, but 
epeated cultures showed them to be invariably sterile Some of them 
[eveloped after the first inoculation, but a greater number followed the 
arger doses In a few cases an infiltration developed vdth each inocu- 
ation given. This would have probably happened m ore frequently 
lad the vacanation not been discontinued in those who developed the 
ondition after the first or second dose At first the regimental sur- 


ntMDMZATIO'J AGAINST PNEUMONIA 


407 


gt-ons made an incision, but later it was found that the infiltrations 
ivould progress favorably if left alone Altogether, 152 men de% eloped 
the lesion (1 in evetj' 82) The infiltrations i.ere tender and painful 
in the early stage of their development but later became cold and 
pamless 

Results of vacctnatwn 

The vaccination of the troops was begun on rcbruar\ 4, 1918 
The Division was transferred from Camp Upton about Apnl 15, 
1918 The follomng figures are based on the penod ettending from 
Februaiy 4 to April 15, about ten necks The number of troops 
vaccinated was 12,519 The number of un\accinatcd nos approxi- 
mately 19,481 The latter figure varied, of course, from daj to day as 
nen men came and others departed The vaccinated men were in 
stable organizations where the personnel undensent little change 

Dunng the ten weeks subsequent to vaccination no cases of pneu- 
monia due to the three fixed t>pcs of pneumococcus occurred among 
the troops who had received two or more injections of v accine One 
individual developed pneumococcus Tyjie I pneumonia twcnU-four 
hours after the first injection of vacant, that is, before anj protection 
could have been induced by the vaccine In the control group of 
approximatclj 20,000 unvaccinalcd men, there were 26 cases of pneu- 
mococcus Types I, n and III pneumonia during the same period 
Strangely enough, the inadcncc of pneumococcus Tvpc IV pneumonia 
and of streptococcus pneumonia was also much lower among the vac- 
anated troops than among the unvacanated riicrt w ere 9 '1 \ pe IV 
pneumonias and 7 streptococcus pneumonias among the vaccinated 
troops, whereas, among the unvaccinalcd men there were 33 tjpe 
r\' pneumonias and 106 streptococcus pneumonias 1 he case mor- 
talitv rate among the vaccinated was onl> 11 7 per cent, while that for 
the unvaccinalcd was 28 per cent 

The results obtained by Ccal and Austin at C amp Upton were so 
promising tliat further tests v ith pneumococcus vacane were under- 
taken the following winter 

Cecil and Vaughan (25) conducted a second field experiment with 
pneumococcus v accine at Camp Wicclcr, Georgia On this occasion 
13,460 men, about 80 per cent of the entire camp strength were 
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vaccinated against pneumonia with a pneumococcus vaccine contain- 
ing 10 billion each of pneumococcus Types I, II and III in each cubic 
centimeter of vaccine In this experiment, however, the pneumococci 
were suspended in cottonseed oil instead of the usual salt solution 
Each soldier received a single injection subcutaneously The dose 
was 1 cc of the lipovaccine, equivalent to 30 billion pneumococci 
Conditions at Camp Wheeler were not nearly so favorable for testing 
the value of pneumococcus vaccme as they had been at Camp Upton 
The pandemic of influenza swept over the camp in the midst of the 
experiment and, because of the lowered resistance which the influenza 
virus induced, a certain amount of pneumonia of all tjqies developed 
among the vaccinated men Furthermore, the pneumoma, which 
accompanied the influenza epidemic was due in great part to Type TV 
pneumococcus and streptococcus, neither of which organisms had 
been included in the vaccine The results obtained at Camp Wheeler, 
while not so successful as thoe at- Camp Upton, were, nevertheless, 
quite encouraging. Four-fifths of the population were vaccinated, 
but almost as many cases of pneumonia developed among the unvac- 
cinated one-fifth as occurred among the entire vaccinated four-fifths of 
camp Reckonmg from one week after vaccmation, the time when the 
individual’s immimity begins to develop, only 8 cases of Types I, 
II and III pneumonia occurred among the vaccinated men and all 
those were secondary to severe attacks of influenza Using the same 
standard, 124 cases of Type IV pneumonia developed among the vac- 
cinated troops and 103 of these were secondary to influenza. Reckon- 
ing from the day of vaccination, there were 33 cases of pneumococcus 
Types I, n and III pneumonia among the vaccinated four-fifths of 
the camp and 42 cases of pneumonia of these Types among the unvac- 
cmated one-fifth of the camp The death rate for 155 cases of pneu- 
monia, including aU types that developed among vaccinated troops 
one week or more after vaccination, was only 12 2 per cent, whereas the 
death rate for 327 cases of all types that occurred among unvaccinated 
troops was 22 3 per cent 

The author believes that even better results would have been 
obtained at Camp Wheeler, if a saline vaccine similar to that used at 
Camp Upton had been employed instead of the lipovaccine Experi- 
ments on animals have conclusively shown that bacteria suspended in 
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Oil do not possess as potent an antigenic capacity as ivhcn suspended 
m salt solution In fact, lipovacane has so many disadvantages that 
at the present time the Hjgienic Laboratory of the United States 
Public Health Service wiU not issue licenses for its manufacture 
Dunng the inter of 1918-1919 pneumococcus a accine was used ex- 
tensively in the United States Army, both m the training camps and 
m the American Expeditionary Forces The follow mg memorandum 
from the Surgeon General’s Office in Washington is quoted from the 
ofiiaal report of the Camp Surgeon at Camp Taylor, Kentucky (26) 

January 28, 1919 

Our records show that of the 4754 men who took pneumoma vaccine only 
1 case of pneumoma has developed, while in tlie rest of tlie camp Uicre ha\ e 
been over 80 cases These figures rcqmre no further elaboration and it is 
recommended that the inoculation be made compulsory 
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Another memorandum was submitted to the Surgeon Generals’ 
Office in Apnl, 1919, by Jlajor Fred M Meader, Medical Corps, 
showing the results of vaccination against pneumoma in Base Section 
No 2, A E r In table 1, cases were not counted unless they had 
developed seven days after vaccination It will be seen from this 
table that both the mcidcnce-rate and the dcatli-ratc were twice as 
high in the unvacanated as in the vaccinated senes 
In 1919, Major Borcl (27) of the French Medical Corps made a 
favorable report on the use of pneumococcus vacanc among the 
colored troops in the Frendi Army It setms that these troops, 
coming as they did from tropical colonics, were very susceptible to 
pneumonia when they reached France In one experiment three 
battalions were vacanated and three others were used as a control 
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The vaccine was composed of killed pneumococci suspended in normal 
salt solution in a concentration of 4 billion bacteria per cubic centi- 
meter. The doses used were (a) 0 5 cc (2 biUion pneumococci), 
(b) 1 cc (4 billion pneumococci) eight days after the first injection 
No reaction, either general or local, was observed among those vac- 
cinated The results obtained in this first experiment were very 
promising, although the various types of pneumococci were not con- 
tained in the vaccine 

In a second experiment conducted by Maj’or Borel, a pneumococcus 
vaccine composed of several types was prepared by Professor NicoUe 
at the Pasteur Institute, and 300 Sengalese were vaccinated with 3 
subcutaneous inj'ections (total — ^28 billion pneumococci) and 300 in 
the same organization were reserved for controls The result was 
1 mild case of pneumonia and no deaths among the 300 vaccinated, 


TABLE 2 
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16 severe cases of pneumonia with 4 deaths among the unvaccinated 
controls The troops were under observation two months after 
inoculation The author concludes that pneumococcus vaccine is of 
great value and that its use should be continued 
Rosenow and Sturdivant (29) vaccinated 8306 inmates of institu- 
tions with a mixed vaccine consisting of pneumococci of the four types, 
hemolytic streptococcus, streptococcus viridans, and staphylococcus 
aureus In the same experiment 9388 persons were not vaccinated 
and served as a control Table 2 shows the results obtained It 
will be seen from these figures that both the incidence-rate and the 
death-rate were materially decreased in the vaccinated senes 
Von ShoUy and Park (30) vaccinated 1536 persons in the employ 
of the Metropolitan Life Insurance Company with a mixed vaccine 
directed primarily against the milder respiratory infections A con- 
trol of 3025 persons remained unvaccinated This vaccine had 
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practically no effect on the inadencc of influenza and colds, the rate 
remaining about the same in both groups The \accine contained 
pneumococa of the three fixed types, streptococci, and influenza 
bacilli The mterestmg feature of this experiment was that only one 
case of pneumonia developed among the 1536 vaccinated employees, 
while 11 cases, or five times as man>, occurred among the unvac- 
cinated controls 

The only report on pneumococcus vaccine which has not been 
entirely favorable is that of McCoy, Hasscltiiie, Wadsworth and Kirk- 
bndc (31) These investigators studied the value of prophvlactic 
vaccination against pneumonia among the inmates of certain N'ew 
Tori institutions The vaccine used was a Iipovaccine containing 
approximately 10 billion each of pneumococcus Types I, 11 and III 
\ single dose of 1 cc w'as admmistcretl subcutaneousl) to 17,752 
patients, while 18,595 remained unvaecinated The patients were 
under observation approximately two >ears or rather during two 
pneumonia seasons Among tlic vaccinated half, 253 cases of pneu- 
monia developed, while 340 cases occurred among the unmoculited 
Of these cases onlj 122 in the vaccinated senes and 186 in the control 
senes were studied bactcnologicnlh An analysis of the bacteno 
logical findings in this study is verj interesting and possiblj cxlilams 
why more convaiicing results were not obtained In the control 
scries, only 23 6 per cent of tjped cases fell into the groups of pneu- 
mococa (Tj-pes I, II and III) against wliieli the vaccine hid been 
directed, 76 4 per cent of the eases being caused by other org-inisms— 
pneumococcus Tjpe IV, streptococcus, B influenza, Triedlander's 
bacillus, etc In the vaccinated 'erics, onl> 18 per cent oi the classi 
fied cases fell into the fixed tvpcs of pneumococcus It should be 
noted further that, of the 22 cases of fixed tj^ie pneumonia that dev el- 
oped among the xacanated patients, 16 were classified under pneu- 
mococcus 'Jviie III the group which in civil life is mo-,t rarelv 
encountered and agiinst which, in animal expenments, it is most 
difficult to immunre Vftcr making all allowances, however it is 
notcworth> that, among 17,752 persons vaccinated against pneu- 
monia and under observation for two >ears thereafter, lucre occurred 
onlj 1 case of pneumococcus fj pc 1 pneumonia andonlj two cases of 
pneumococcus Ivpe II pneumonia* Ot course there maj have been a 
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few more of these types among the unclassified cases It is a weU- 
hnown fact that the pneumonia which occurs in mstitutions for the 
insane, or, for that matter, in any mstitution, is nearly always of the 
bronchial type and presumably of streptococcus or pneumococcus 
Type IV origin At Saranac Lake lobar pneumonia is practically 
never encountered in sanitariums for tuberculous patients My 
criticism of this experiment, then, is that it was not a fair test for 
pneumococcus vaccine in that the vaccine was not directed against the 
type of pneumonia which was prevalent m these institutions. 

Preparation of pneumococcus vaccine 

The onginal pneumococcus vaccine used by Wright and by Lister 
was prepared from cultures grown on plain or glucose agar Most of 
the pneumococcus vaccine manufactured in this country has been 
prepared from broth cultures 

Pneumococci are cultivated for eighteen to twenty-four hours on 
plain or glucose broth The culture is then centrifuged, and the sedi- 
ment of bacteria suspended in normal salt solution Finally the salme 
solution is heated at 55 "'C for one-half hour to kill the pneumococci, 
and the vaccine standardized by the Wright method or by means of a 
nephelometer Cultures are taken to test the sterihty of the vaccine 
and tricresol is added to a concentration of 0 3 per cent as a 
preservative 

Methods of adimnistenng pneumococcus vaccine 

Pneumococcus vaccine is almost always admimstered subcutane- 
ously The proper method of giving the vaccine is to pinch up the 
skin and insert the needle well under the dermis Intracutaneous 
mjections excite severe local reactions Lister experimented with 
intravenous injections of pneumococcus vaccine and the writer has 
tried it on several occasions. The intravenous method would be 
the method of choice were it not for the danger of exciting constitu- 
tional reactions The immune response to intravenous vaccination is 
quicker and more marked than that to subcutaneous injections 
The intravenous injections, however, are apt to excite the so-called 
non-specific protein reaction (chill, fever, leuckocytosis, etc ) similar 
to that following the intravenous injection of t3q)hoid vaccine As a 



nOnTNIZATIOV AGAI^ST TNEraONIV 


413 


matter of fact, pneumococcus vaccme when injected intravenously is 
much less likely to induce a foreign protein reaction than the same 
dose of typhoid vacane The writer, however, does not recommend 
the intravenous metliod of vaccination for the reason that adequate 
immunity can be obtained b> subcutaneous injections 

Dosage 

For therapeutic purposes, pneumococcus \accme is administered 
in doses varjung from 10 million to 1 billion pneumococci or even more 
For prophylaxis, much larger doses are used The vaccine as pre- 
pared at the United States Army Medical School contained equal 
parts of pneumococcus Types I, II and III In the United States 
Army, 3 to 9 billion was the dose of saline vaccine, 30 to 40 billion of 
the hpovaccinc In the case of saline \acanc, three injections \ ere 
gi\en at seven day inteivals, the first dose, 3 billion, the second, 6 
billion, and the third, 9 bdlion In aval life wo have used a vaccine 
consisting of equal parts of pneumococcus Tj-pes 1, 11 and HI, sus 
pended in salt solution, so that 1 cc contains a total of 9 billion killed 
bacteria Three injections are given, separated by intervals of one 
week, as follows 

Tiret injection 0 3cc (o billion) 

Second injection 0 6 cc (6 billion) 

Thud injection 1 0 cc (9 billion) 

Reactions 

Both the local and general reactions to pneumococcus vaccine vary 
greatly m different individuals In general it ma> be said that the 
smaller the dose the milder the reaction It is therefore desirable, if 
arcumstances permit, to divide the total dosage (18 billioni into 4 or 
S inoculations The w n ter wishes to emphasize once more, tint w ithin 
certain limits, the larger the total dose of vaccine administered the 
higher will bo the immunitv confcrrwl 

In general it mav be said that the local reaction to pneumococcus 
vaccme is similar to that folloving the subcutaneous injection of 
tj-phoid vaiccine Within twentj-four hours after inoculation an area 
of redness and induration appc.irs at the site of injcetion which is 
usually 2 or 3 cm in diameter but ma> be larger Tlic small stenle 
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abscesses pre\dously described, which occasionally occur at the site of 
injection, are seen only in cases where large doses of vaccine have been 
used These infiltrations are uncomfortable but are not serious, and 
disappear spontaneously The constitutional reaction to pneumo- 
coccus vaccine is usually insignificant In many cases it is entirely 
absent Li a small percentage of cases vaccination is followed by 
headache or backache, general malaise, chiUy sensations and a rise m 
temperature These symptoms, however, are generally of short 
duration 


hidicaUons for pneumococcus vaccine 

Pneumonia is a very prevalent disease, but hardly prevalent enough 
at present to justify a general and indiscrimmate use of pneumococcus 
vaccine There would seem to be two particular indications, however, 
for the use of pneumococcus vaccine, (u) For individuals who are 
very susceptible to pneumonia and sufi'er from repeated attacks of 
the disease During the past six or seven years the ivriter has vac- 
cinated a number of such persons and in no instance has the vaccine 
failed to give complete protection agamst a recurrence of the disease 
(5) Pneumococcus vaccine is particularly valuable in the case of 
recruits in time of war In previous wars intestinal infections were 
the chief menace to health In the late war, pneuraom'a was the most 
senous of aU the infections and caused the greatest loss of life. Pneu- 
mococcus vacane is clearly indicated in the case of green recruits who 
are suddenly mustered into training camps where they are subject to 
contact with pneumococcus carriers, exposure to inclement weather 
and the lowenng of resistance which comes with fatigue and over- 
exertion Pneumococcus vaccine could probablj'- be used with bene- 
fit in the case of industrial workers, such as day laborers, truck drivers, 
chauffeurs, firemen, and policemen, who are constantly exposed to wet 
and cold The practical difficulty which one encounters here is the 
strong objection which these people have to taking the vaccine on 
accoimt of the reactions 

The advisability of vacanating nurses, physicians and relatives 
who come in contact with a patient with pneumonia is a question which 
has not received much attention The writer has seen a number of 
cases of contact infection in the same family Pneumonia is not 
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looked upon as a contagious disease, but occasionally it becomes so 
Once we obtain a potent vaccine which excites little or no reaction it 
may be worth while to vacemate everyone who comes in contact with a 
pneumococcal infection 

Conlra-tndicaiions 

Pneumococcus vaccine should not be admmistered during an acute 
infection, or to patients wntli pulmonaty tuberculosis It should not 
be administered in large doses to patients i ith chronic cardiac or renal 
diseases, or to pregnant women It should preferably' not be adminis- 
tered dunng menstruation 

Inlratracheal Mcctnalwii against pneumonia 

On account of the severe reaction sometimes produced by pneumo- 
coccus vaccine when injected subcutaneously , it is clear that improve- 
ments in the method of preparation and in tlie method of adminis- 
tration will have to be forthcoming before acti\c immunisation 
against pneumonia will become popular in civil life With regard to 
modifications in the method of administration it is quite possible that 
a satisfactory immunity against pneumonia could be obtained in 
man as in monkeys by injecting the \accinc directly into tlie trachea 

In a preceding section the writer has reported some experiments 
which throw some light on this subject In these CKpciamcnts it was 
found that the intratracheal injection of pneumococcus a accine affords 
just as satisfactoiy an immunity against pneumonia as that induced 
by' subcutaneous or intraecnous injections '\t the same time an 
attempt was made to immunwc monkeys against pneumonia bs 
spraying them with pneumococcus s accine Complete immunity 
against pneumonia w as not obtained by this method, prob ibly because 
the monkeys offered a great deal of resistance to the treatment and 
because the spray was not continued o\er a sufficicntlv long period of 
time It IS possible that the daih inhalation of a pneumococcus 
\accine spray would prevent complctelv the severer forms of lobar 
pneumonia in man The immunity established against pneumococcus 
by vaccination appears to be of rather short duration, but witli an 
atomiaer the spray could be used frequently dunng the winter months 
and permanent immunity maintained in this way 
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abscesses previously described, which occasionally occur at the site of 
injection, are seen only in cases where large doses of vaccine have been 
used These infiltrations are uncomfortable but are not serious, and 
disappear spontaneously The constitutional reaction to pneumo- 
coccus vaccine is usually insignificant In many cases it is entirely 
absent In a small percentage of cases vaccination is followed by 
headache or backache, general malaise, chilly sensations and a rise in 
temperature These symptoms, however, are generally of short 
duration 

hidicaitons j or pneumococcus vaccine 

Pneumonia is a very prevalent disease, but hardly prevalent enough 
at present to justify a general and indiscrimmate use of pneumococcus 
vacane There would seem to be two particular indications, however, 
for the use of pneumococcus vaccine, (a) For individuals who are 
very susceptible to pneumonia and suffer from repeated attacks of 
the disease During the past six or seven years the writer has vac- 
cmated a number of such persons and in no instance has the vaccine 
failed to give complete protection against a recurrence of the disease 
(b) Pneumococcus vaccine is particularly valuable in the case of 
recruits in time of war In previous wars intestinal infections were 
the chief menace to health In the late war, pneumonia was the most 
serious of all the infections and caused the greatest loss of life Pneu- 
mococcus vaccine is clearly indicated in the case of green recruits who 
are suddenly mustered into training camps where they are subject to 
contact with pneumococcus carriers, exposure to inclement weather 
and the lowering of resistance which comes with fatigue and over- 
exertion Pneumococcus vaccine could probably be used with bene- 
fit in the case of industrial workers, such as day laborers, truck drivers, 
chauffeurs, firemen, and policemen, who are constantly exposed to wet 
and cold The practical difficulty which one encounters here is the 
strong objection which these people have to taking the vaccine on 
account of the reactions 

The advisability of vaccinating nurses, physicians and relatives 
who come in contact with a patient with pneumonia is a question which 
has not received much attention The writer has seen a number of 
cases of contact infection in the same family Pneumonia is not 
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Iwmtmization against ‘pneumonia with derivatives from the 

pneumococcus 

During recent years a number of attempts have been made to iso- 
late a pneumococcus antigen with the hope that some method might 
be devised for eliminating the toxic fraction of the pneumococcus and 
provide a more potent agent for vaccinating against pneumonia in 
man. Warden (32), for example, claimed that the lipoidal fractions 
from pneumococci contained the antigenic principle, and that mth 
this principle he could successfully immunize animals against pneu- 
mococcus infection Perlzweig and Steffen (33) were unable to verify 
the findings of Warden They studied the antigenic value of various 
derivatives from the pneumococcus and found that the immunizing 
antigen could be isolated from the three fixed types of pneumococcus 
by comparatively simple chemical methods According to these 
workers, this antigen in its purified form contains only a trace of nitro- 
gen and is probably non-protein in nature Furthermore, they found 
that pneumococcus antigen is resistant to prolonged autolysis, and to 
tryptic digestion, and can be recovered from the soluble portions of 
digests of either the intact bacteria or the bactenal protein. The 
antigen may be isolated from the 3 fixed types of pneumococcus by 
tryptic digestion of the pneumococci and extraction of the digest with 
70 to 90 per cent alcohol The antigen is not soluble in absolute alco- 
hol, nor is it soluble in ether or the other lipoidal solvents Perl- 
zweig and Steffen concluded that pneumococcus antigen is non-lipoidal, 
that it probably adheres to the protein fraction in a loose chemical or 
physical union rather than representing a protein complex of large 
molecular size, as shown by its solubihty in alcohol, its thermostabil- 
ity and its resistance to proteolytic digestion These investigators 
found that purified pneumococcus antigen solutions are non-toxic for 
mice, and that ordinary laboratory animals can be actively immunized 
by them More recently human subjects have been successfully 
vaccmated with this antigen It excites little or no local reaction and 
the immime response is excellent. 

Ferry and Fisher (34) have also studied the immunizing properties 
of pneumococcus antigen prepared after vanous methods. They 
found that antigen, apparently protein free, gave evidence of excellent 
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Pneumococcus vaccine when given in adequate doses confers 
Qumty against pneumococcus pneumonia in man The evidence 
[avor of sucli immunity rests on statistical studies and on the 
lonstration of immune bodies in the blood of those vaccinated 
The chief indications for the use of pneumococcus vaccine at 
present time are First, to prevent recurrence in individuals who 
highly susceptible to repeated attacks of lobar pneumonia 
md, for the prevention of outbreaks of pneumonia among fresh 
uits in training camps 

There is reason to believe that the recent isolation of certain 
vatives of the pneumococcus which contain the antigenic prm- 
e wiU ehrmnate the undesirable features of vaccination against 
umoma and thereby render the procedure more practical in civil 
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